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A decrease in the concentration of chloride and 
an increase in the content of carbon dioxide are 
characteristic findings in the serum of patients 
with chronic respiratory acidosis. The elevated 
CO, content of serum has been demonstrated to 
be at least in part the result of an increased reab- 
sorption of bicarbonate by the kidneys (1-3). 
The mechanism by which hypochloremia develops, 
however, has not been clearly established. Pos- 
sible mechanisms include: 7) transfer of chloride 
to an intracellular position, particularly into red 
cells, 2) expansion and dilution of the extracellu- 
lar space by sodium bicarbonate and water, and 3) 
increased renal excretion of chloride. 

The present experiments indicate that in the 
rat, the first two alternatives listed above do not 
contribute importantly to the hypochloremia. The 
low serum chloride which develops during respira- 
tory acidosis is associated instead with increased 
renal excretion of chloride together with potas- 
sium and ammonium, resulting in a net loss of 
chloride from the body. 


MATERIALS AND METHODS 


White male Sprague-Dawley rats weighing 250 to 350 
Gm. were maintained on a high caloric, low-residue diet, 
the composition of which is given in Table I. The ani- 
mals were trained to take a single 40 minute feeding 
each day for three weeks preceding a balance study. This 
permitted them to ingest all of their food at the beginning 
of each 24 hour balance period, thus avoiding the diminu- 
tion in food intake which otherwise was found to ac- 
company initial exposure to high concentrations of car- 
bon dioxide. Rats require six to seven days on this 
feeding program to resume their normal pattern of weight 
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gain. Water was allowed ad libitum during the training 
and study periods. Control and experimental groups 
were trained and studied concomitantly. 

Individual metabolic cages with screens to deflect feces, 
glass collecting funnels and graduated collecting tubes 
made up each metabolic unit. Four such units were 
housed in a large air-tight lucite chamber. Following 
control periods of balance study, the chamber was sealed 
and its atmosphere regulated by the controlled inflow of 
8 or 12 per cent CO, in air. In all experiments the con- 
centration of O, remained at 19+ 1 per cent. Urine was 
collected under mineral oil in tubes to which 1.0 ml. of 
0.1 normal sulfuric acid had been added in order to as- 
sure accurate measurement of ammonium excretion. 
Voiding was induced at the end of each balance period 
by making, the animals sniff ether. At the end of each 
24 hour period the funnels were washed down with 20 ml. 
of distilled water. This washing was added to the 24 hour 
urine, and the total volume was used for analysis. 

At the completion of an experiment the rats were re- 


moved from the chamber, lightly anesthetized with 
pentobarbital and exsanguinated from the abdominal 
aorta. 


Hematocrit of whole blood was determined by a mi- 
cro-hematocrit method (4), whole blood and serum 


TABLE I 
Composition of diet 





| 








% 
Sucrose 45.8 
Lard 20.0 
Vitaminized casein 25.0 
Corn oil 5.0 
Choline 0.4 
Mineral mixture* 4.0 


Electrolyte composition (by analysis) 





Regular Low sodium 
diet diett 
mEq./Gm. 
Cl 0.135 0.138 
Na 0.115 0.0057 
K 0.128 0.160 
*NaCl, 15.1%; CaCOs, 27.0%; KsHPO,., 29.0%; 


CaHPO,, 5.6%; MgSO,, 20.4%; MnSO,, 0.33%; ZnCl, 
0.022%; CuSO,, 0.026%; KI, 0.071%; CoCl, 0.026%; 
and Fe citrate, 2.5%. 

t For the low sodium diet, the mineral mixture was made 
up with KCl substituted for NaCl. The amount of 
K2HPO, was then reduced slightly to avoid an inordinately 
large intake of K*. 
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chloride by Volhard titration (5), serum CO. content by 
the method of Van Slyke and Neill (6), sodium and po- 
tassium in serum and urine by indirect flame photometry, 
urine ammonium by the Conway microdiffusion method 
(7), urine chloride by potentiometric titration (8), phos- 
phorus by the method of Fiske and Subbarow (9) and 
urinary nitrogen by semimicro-Kjeldahl digestion and 
distillation. Food was digested with concentrated nitric 
acid containing silver nitrate following which sodium, po- 
tassium and chloride were measured by the above tech- 
niques. The nitrogen content of the diet was determined 
by macro-Kjeldahl digestion. Creatinine was meas- 
ured by the method of Hare (10). Samples of the air 
in the chamber were analyzed for carbon dioxide and 
oxygen in a Scholander gas analysis apparatus (11). 


Calculations 
1. Red blood cell chloride content per liter of red cells 
(Cl Rbc). 
Gite = Clap — LC Is X (i = Het.) ] ; 
Het. 

where 

Clg = mEq. of chloride per liter of blood, 

Cls = mEq. of chloride per liter of serum, and 


Hct. = hematocrit. 


2. Change in total red blood cell chloride. 


Clrve, — Clrie, 





ARbc Cl = ae x 0.07 3.W. X Het. 
mi 1,000 7 X B.W. X Het., 
where 
Clroc, = average chloride concentration in the red cells 


of control rats breathing room air, 

Clric, = concentration of chloride in red cells after ex- 
posure to COs, and 

B.W. = body weight prior to entering COs. Total 
blood volume in the rat is assumed to equal 
0.07 body weight (12). 


3. Change in extracellular fluid volume (chloride space) 
= ECF, — ECF». 








ECF: X Cle: _ (C1 balance + ARben) 
’ 0.95 X 0.93 
ECF, = 
we 
0.95 xX 0.93 
where 


Cls, = average serum chloride in control rats breathing 
room air, 

Cls, = serum chloride after exposure to COs, 

Cl balance = chloride balance during exposure to CO:, 

0.95 = Donnan correction, and 


0.93 = assumed water content of serum. 


4, Changes in intracellular sodium and potassium were 
calculated as described by Elkinton, Winkler and Danowski 


(13). 


RESULTS 


Effect of exposure to 8 per cent CO, on electro- 
lytes of serum and red cells (Tables II and IV ) 


Exposure to 8 per cent CO, for 24 hours re- 
sulted in an average decrease in serum chloride 
of 10 mEq. per liter and a rise in the plasma CO, 
content of 9 mEq. per liter. There were no sig- 
nificant changes in the hematocrit, serum sodium 
and potassium, or the calculated chloride content 
of red cells. These changes were as marked at 
the end of one day as after two and three days 
in 8 per cent CO,. Serum electrolyte values of 
rats in room air, eating the special diet employed 
in these studies, did not differ from those of rats 
on a Purina Chow diet. The changes in serum 
electrolytes induced by 8 per cent CO, which are 
summarized in Table II were reproduced in other 
studies, not included here, on rats maintained on 
Purina Chow. 

Rats fed a low-sodium diet showed similar 
changes in serum chloride and CO, content when 














ECF, = 0.20 x B.W. exposed to 8 per cent CO, for 24 hours. Again, 
TABLE II 
Effect of 8 per cent COz on the serum electrolytes of rats on regular and low sodium diets 
Regular diet Low sodium diet 
- ‘Room air - 8 per cent CO2 re Room air 8 per cent CO2 
(6 rats) (10 rats) p* (8 rats) (6 rats) p* 
Serum Cl, mEq./L. 104.4 +0.97¢ 94.1 415 <0.001 104.6 +1.2 94.9 41.5 <0.001 
Serum COscontent,mM/L. 24.6 +2.1 33.7 42.1 <0.001 24.8 +1.6 33.0 +1.0 <0.001 
Serum Na, mEq./L. 146.2 +2.3 146.5 +2.9 >0.80 148.3 + 3.8 146.7 + 2.0 >0.30 
Serum K, mEq./L. 4.13 + 0.36 4.554 1.1 >0.20 4.13 + 0.58 4.20 + 0.22 >0.80 
Red cell Cl, mEq./L. rbc 46.3 +7.6 52.5 +3.0 >0.10 49.3 +5.4 48.9 +6.5 >0.90 
Het., % 43.6 +3.4 45.3 +45 >0.10 46.5 + 3.2 47.3 + 3.3 > 0.60 





* The p values are for rats in room air compared with animals in CO. No significant difference is present between 
the two dietary groups in room air or in their response to CO». 


+ Mean + standard deviation. 
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TABLE III 


Electrolyte balance data* of 10 rats on regular diet exposed to COz 
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8% CO2z 





Room air 
Day 1 Day 2 he.) Day 3 Day 4 
Chloride, mEq. Intake 0.365 + 0.166T 0.411 + 0.200 0.565 + 0.151 0.471 + 0.178 
Output 0.270 + 0.124 0.369 + 0.168 0.475 + 0.170 0.672 + 0.201 
Balance +0.095 + 0.030 +0.042 + 0.061 +0.090 + 0.078 —0.201 + 0.099f 
Sodium, mEq. Intake 0.305 + 0.208 0.349 + 0.181 0.485 + 0.153 0.402 + 0.163 
Output 0.238 + 0.149 0.315 + 0.139 0.408 + 0.141 0.405 + 0.222 
Balance +0.067 + 0.145 +0.034 + 0.071 +0.077 + 0.069 —0.003 + 0.112 
Potassium, mEq. Intake 0.334 + 0.147 0.387 + 0.184 0.539 + 0.146 0.447 + 0.161 
Output 0.294 + 0.073 0.348 + 0.114 0.398 + 0.99 0.558 + 0.106 
Balance +0.040 + 0.112 +0.039 + 0.104 +0.141 + 0.102 —0.111 + 0.123f 
Balance§ +0.007 + 0.005 —0.022 + 0.003 —0.002 + 0.003 —0.213 + 0.002f 
Ammonia, mEg. Output 0.284 + 0.088 0.278 + 0.088 0.293 + 0.063 0.495+ 0.095t 
Phosphorus, mM Output 0.195 + 0.056 0.2214 .090 0.219 + 0.053 0.372 + 0.052f 
Creatinine, mg. Output 3.34 + 0.46 3.06 + 0.42 3.39 + 0.49 3.39 + 0.51 
Nitrogen, mg. Balance +10.43 + 22.63 +25.13 + 27.69 +38.24 + 19.46 +24.60 + 34.99 











+ Mean + standard deviation. 


* All values are expressed as amount per 24 hours per 100 Gm. of rat. 


t These values are significantly different from those of the preceding day with p values of less than 0.001. 
§ Corrected for simultaneous nitrogen balance, assuming 3 mEq. K per 1 Gm. of nitrogen. 


no significant change was observed in the hemato- 
crit, serum sodium and potassium concentrations, 
or the calculated chloride concentration of red 
cells. 


Effect of 8 per cent CO, on electrolyte balance in 
rats on a regular diet (Table III and Figure 1) 


Following three days of control observations, 
during which time the intake of chloride, sodium 
and potassium approximated the output of these 
ions, exposure to 8 per cent CO, for 24 hours re- 
sulted in increased urinary losses and negative 
balances of chloride and potassium. The excre- 
tion of ammonium increased, as did the excretion 
of phosphorus. Sodium balance was unchanged. 
There was a slight positive nitrogen balance 
throughout the entire study with no significant 
difference in nitrogen balance discernible from 
day to day. The daily output of creatinine was 
essentially constant during the four days of 
observation. 

During control observations in room air, the 
mean weight gain was 1.5 + 4.4 Gm. per 100 Gm. 
of rat, with a subsequent mean weight loss of 2.6 + 
2.4 Gm. following exposure to 8 per cent CO,. 
Despite this loss of weight, calculated changes in 
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Fic. 1. Tue Errect or 8 Per Cent CO, ror 24 Hours 
ON THE MEAN ELECTROLYTE BALANCE OF 10 Rats ON A 
REGULAR DIET 


Intake is plotted above the zero line and output below. 
The net balance is in black. The K balance has been 
corrected for the simultaneous nitrogen balance (1 Gm. 
N=3 mEq. K). Days 1 through 3 represent control 
observations in room air, and Day 4 the experimental pe- 
riod in 8 per cent CO.. 
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the chloride space were not large, consistent, or 
significant, the mean value being + 0.15 + 0.96 
ml. per 100 Gm. of rat. No correlation was ap- 
parent between the magnitude and duration of in- 
dividual changes in chloride space and the urinary 
loss of chloride or the chloride balance. 
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The mean increase in NH,* excretion induced 
by 8 per cent CO, (0.202 mEq. per 24 hours per 
100 Gm. rat) was less than the mean change in 
chloride balance (— 0.291 mEq. per 24 hours per 
100 Gm. rat), and there was no correlation be- 
tween these two measurements in individual rats 
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DAY |! DAY 2 DAY 3 


Fic. 4. THe MEAN ELECTROLYTE BALANCE OF Four Rats Durinc Two 
Days or Exposure To 12 Per Cent CO, Fottowep sy Two Days or Ex- 
POSURE TO Room AIR 

Intake is plotted above and output below the zero line. The net balance 
is in black. The K balance is not corrected for simultaneous nitrogen bal- 
ance. Note that values are not corrected per 100 Gm. of rat. 


(Figure 2). Similarly, the increased loss of chlo- Effect of removing rats from an atmosphere high 





ride correlated poorly in individual rats with the 
change in balance of potassium which followed ex- 
posure to CO, (Figure 3), and again, in most 


instances, exceeded the latter. 


Electrolyte balance data* of six rats on low sodium diet exposed to COz 


in CO, to room air 


Four rats (maintained on Purina Chow and not 
included in Table II) were removed from 12 per 


cent CO, after staying in the chamber for two days 


TABLE IV 














Room air 8% COz 
Day 1 Day 2 Day 3 Day 4 
Chloride, mEq. Intake 0.350 + 0.105t 0.421 + 0.064 0.549 + 0.077 0.471 + 0.080 
Output 0.321 + 0.106 0.409 + 0.058 0.496 + 0.086 0.674 + 0.077 
Balance +0.029 + 0.120 +0.012 + 0.068 +0.053 + 0.043 —0.203 + 0.054f 
Sodium, mEq. Intake 0.018 + 0.005 0.022 + 0.006 0.029 + 0.007 0.025 + 0.008 
Output 0.009 + 0.005 0.006 + 0.002 0.008 + 0.007 0.021 + 0.036 
Balance +0.008 + 0.006 +0.016 + 0.007 +0.021 + 0.012 +0.004 + 0.040 
Potassium, mEg. Intake 0.405 + 0.130 0.486 + 0.068 0.636 + 0.102 0.544 + 0.074 
Output 0.347 + 0.156 0.463 + 0.088 0.553 + 0.151 0.756 + 0.134 
Balance +0.058 + 0.158 +0.023 + 0.092 +0.083 + 0.112 —0.212 + 0.124f 
Balance§ +0.062 + 0.165 —0.042 + 0.103 —0.044 + 0.121 —0.268 + 0.126 
Ammonia, mEg. Output 0.274 + 0.044 0.249 + 0.076 0.285 + 0.064 0.437 + 0.083f 
Phosphorus, mM Output 0.073 + 0.040 0.067 + 0.022 0.067 + 0.023 0.241 + 0.052t 
Creatinine, mg. Output 3.33 + 0.61 3.50 + 0.26 3.68 + 0.24 3.70 + 0.18 
Nitrogen, mg. Balance —8.6 + 39.68 +21.57 + 13.11 +42.30 + 19.33 +24.52 + 22.80 





* All values are expressed as amount per 24 hours per 100 Gm. of rat. 
t Mean + standard deviation. 
t These values are significantly different from those of the preceding day with p values of less than 0.001. 


§ Corrected for simultaneous nitrogen balance, assuming 3 mEq. 


K per 1 Gm. of nitrogen. 
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(Figure 4). Renal retention of chloride com- 
bined with increased ingestion of food to produce 
a positive balance of chloride on the first day of 
exposure to room air. Balances of K* and Na* 
also became positive, while the excretion of NH,* 
gradually diminished. These changes were op- 
posite to those which had occurred when the rats 
were placed in CO,. After the animals had been 
in room air for two days they were sacrificed and 
serum chloride, CO, content, sodium and potas- 
sium were found to be normal. 


Effect of 8 per cent CO, on electrolyte balance in 
rats on a low-sodium diet (Table IV and Fig- 
ure 5) 


In six rats, sodium was eliminated from the 
diet and replaced by potassium, the chloride con- 
tent remaining unchanged. While on this diet, 
rats excreted less than 0.02 mEq. of sodium per 


day at a urinary concentration ranging from 2 to 
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DAY 3 


Fic. 5. Tue Errect or 8 Per Cent CO, ror 24 Hours 
ON THE MEAN ELECTROLYTE BALANCE OF S1Ix RATS ON A 
Low-Sopium Diet 

Intake is plotted above the zero line and output below. 
The net balance is in black. The potassium balance has 
been corected for the simultaneous nitrogen balance (1 
Gm. N=3 mEq./K). Days 1 through 3 represent con- 
trol observations in room air and day 4 the experimental 
period in 8 per cent CO.. 
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TABLE V 


Calculated changes in chloride space, ‘‘intracellular’’ sodium, 
“intracellular” potassium and total red cell chloride 
in rats exposed to 8 per cent CO¢z 











Regular diet Low sodium diet 

A Cl space, +0.150 + 0.964  —0.012 + 0.830 
ml./100 Gm. rat 

A“‘intracellular’ Na, —0.031+0.126 +0.036 + 0.109 
mEq./100 Gm. rat 

A“‘intracellular’ K, —0.224+0.051 —0.270 + 0.123 
mEq./100 Gm. rat* 

A total red cell Cl, —0.001 + 0.034 —0.005 + 0.016 


mEq./100 Gm. rat 





* The A intracellular K for both the regular diet and 
low sodium diets are significant with p values of <0.001 
and <0.01, respectively. Other changes listed are not 
significant. 


5 mEq. per liter. Upon exposure to 8 per cent 
CO,, renal excretion of chloride and and potas- 
sium increased, producing negative balances of 
these ions, in association with increases in am- 
monium and phosphorus excretion. These changes 
were similar in magnitude to those observed in 
rats on a diet containing liberal amounts of sodium. 
Again, breathing CO, did not significantly alter 
net nitrogen balance, the excretion of creatinine 
or the size of the calculated chloride space. 


Effect of 8 per cent CO, on calculated changes in 
chloride space, “intracellular” Na and K and 
total red cell Cl (Table V) 


Following exposure to 8 per cent CO, for 24 
hours, calculated “intracellular” potassium de- 
creased significantly. There was no change in 
chloride space, “intracellular” sodium or total red 
cell chloride. 


DISCUSSION 


When blood is exposed to increased concentra- 
tions of carbon dioxide, CO, diffuses into red 
cells, and, in a reaction catalyzed by carbonic an- 
hydrase, is hydrated to form carbonic acid. This 
results in a fall in intracellular pH, reduced ioni- 
zation of hemoglobin, and a change in the concen- 
tration gradient for bicarbonate which favors the 
outward transfer of this diffusible anion into the 
plasma. Chleride is then transferred from plasma 
to erythrocytes, in accordance with the now- 
modified Gibbs-Donnan effect. This “chloride 
shift” has been considered to contribute impor- 
tantly to the hypochloremia of respiratory acidosis 








not 
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(14, 15). The equilibrium of chloride between 
red cells and plasma is determined by the equation : 


“in [HCO;"] redcell _ [CI-] red cell 
~ [HCO;] plasma [CI] plasma’ 


It might be anticipated, therefore, that as the 
concentration of bicarbonate in the plasma be- 
comes elevated and the concentration of chloride 
becomes depressed as a result of renal reabsorp- 
tion of bicarbonate and excretion of chloride, red 
cell chloride, though initially elevated, would tend 
to return to the normal value. Normal concentra- 
tions of chloride in red bivod cells were in fact 
found by Denton and associates (16) in sheep 
exposed to CO, for up to 72 hours, and by Platts 
and Greaves (17) in patients with chronic re- 
spiratory acidosis, as well as in the rats of the 
present experiments. It would appear that an in- 
crease in the chloride content of red cells is not 
the explanation for the hypochloremia of chronic 
respiratory acidosis. 

Expansion of the extracellular space might con- 
ceivably contribute to the low serum chloride ob- 
served when rats are exposed to CO,. Increases 
in pCO, are known to enhance the reabsorption 
of NaHCO, by the renal tubules (1-3). One 
might expect, therefore, that if the intake of so- 
dium were continued, the volume of extracellular 
fluid would be expanded and diluted by isotonic 
reabsorption of NaHCO, and water. The body 
might then respond as it usually does to an ex- 
pansion of the extracellular fluids, 1.¢e., by increas- 
ing the excretion of sodium and chloride until the 
volume of the extracellular fluid returned to nor- 
mal (18). The result would coincide with that 
actually observed in rats on a regular diet, namely, 
a net loss of chloride with an increase in the serum 
concentration of HCO,-, but with no net change 
in sodium balance or change in extracellular fluid 
volume. This sequence of events appears to be 
excluded by the results obtained in rats maintained 
on a diet free of sodium before they were exposed 
to an atmosphere high in CO,. These animals 
were ingesting and excreting minimal amounts of 
sodium before and during exposure to CO,; they 
could not therefore have expanded their extra- 
cellular fluid with exogenous sodium. Further- 
more, the data of Table V suggest that there was 
no significant loss of sodium from an intracellular 
position which might have expanded the extracel- 





lular space.’ Despite this, exposure to 8 per cent 
CO, caused a chloruresis and negative balance of 
chloride of the same magnitude in rats on a diet 
free of sodium, as in rats ingesting and excreting 
normal amounts of sodium. Measurements of ex- 
tracellular fluid volume during the initial one to 
three hours of acute respiratory acidosis in dogs 
(14), humans (15) and rats (20) have also 
failed to demonstrate significant changes. Ex- 
pansion and dilution of the extracellular space do 
not seem, therefore, to play a role in the patho- 
genesis of the hypochloremia of respiratory aci- 
dosis. 

Previous studies of acute respiratory acidosis 
in men (21) and sheep (16) have failed to dem- 
onstrate increased excretion of chloride in excess 
of sodium in the urine. The present experiments, 
on the other hand, demonstrate prompt renal losses 
of chloride during initial exposure to increased 
atmospheric carbon dioxide, and equally prompt 
renal retention of chloride upon re-exposure to 
room air. One explanation of the difference be- 
tween the present studies and previous ones in 
other animals might conceivably lie with the well- 
known ability of rats to increase the formation of 
ammonia rapidly in response to acidosis by in- 
creasing the activity of renal glutaminase (22, 23). 
In this view, renal losses of chloride might be con- 
sidered secondary to the increased excretion of 
ammonium which occurred on exposure to CO,, 
the chloride remaining in the renal tubule because 
of the increase in positively charged NH,* ions. 
Under these circumstances, however, one might 
anticipate that changes in the excretion of NH,* 
would parallel and perhaps regularly exceed 
changes in the excretion of Cl, on exposure to 
CO,. Figure 2 demonstrates that this was not the 
case. 

What is the mechanism of the chloruresis ob- 
served in the present experiments? In nephrons 
of Necturus (24) and the rat (25), the intratu- 
bular lumen has a negative potential when com- 
pared with interstitial fluid. This potential is 
presumably created by the active outward trans- 
port of Na* ions and is thought to be responsible 
for the passive reabsorption of chloride and other 
anions. An increase in the pCO, of blood might 


5 This conclusion is buttressed by direct analysis of 


bone and muscle in more recent experiments (19). 
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enhance the renal excretion of chloride via the 
following mechanisms. First, an increase in the 
secretion of H* ions might reduce intraluminal 
negative potential and thereby decrease the back- 
diffusion of Cl ions. A second possibility is that 
respiratory acidosis might interfere directly with 
the passive reabsorption of chloride ions, in the 
same sense that certain metallic ions are said to 
interfere with the passive flux of chloride across 
the frog’s skin (26). Finally, “active” transport 
of chloride by renal tubular cells, if this exists, 
might be altered by hypercapnia. 

Although the excretion of K*, NH,* and some- 
times Na* increased in association with Cl- when 
rats were placed in CO,, the change in chloride 
balance was generally greater than in the balance 
of potassium or sodium, or in the excretion of 
NH,*. The fact that K* excretion increased to- 
gether with an increase in H* excretion in animals 
exposed to CO, is interesting and paradoxical in 
view of the postulated competition between these 
cations for secretion by cells of the distal tubule 
(27). Such simultaneous increases in both K* 
and H* excretion are regularly seen, however, in 
the course of an anion diuresis (28), and might be 
expected if CO, interfered primarily with the re- 
absorption of chloride and, in addition, stimulated 
the outpouring of phosphate in the urine that was 
observed in these experiments. The present ex- 
periments are thus compatible with, though they 
do not prove, the hypothesis that hypercapnia in- 
terferes directly with the reabsorption of chloride 
ions by the renal tubule. 


SUMMARY 


1. In the rat, the hypochloremia which develops 
during exposure to 8 per cent CO, in air is the 
result of a net loss of chloride in excess of sodium 
in the urine. 

2. The increased excretion of chloride is associ- 
ated but not directly correlated with an increased 
excretion of ammonium, potassium and phos- 
phorus. 

3. These changes were observed in rats main- 
tained on a sodium-free diet as well as in rats in- 
gesting and excreting liberal amounts of sodium, 
suggesting that expansion and dilution of the ex- 
tracellular fluid with reabsorbed sodium. bicarbo- 
nate are not responsible for the chloruresis. 
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4. It is suggested that an increase in pCO, may 
induce the observed renal losses of chloride by di- 
rectly interfering with the tubular reabsorption of 
the chloride ion. 
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Depletion of the body stores of fixed base is the 
most serious complication of diabetic ketoacidosis, 
and losses of total body sodium of 25 to 50 per 
cent have been reported in diabetic acidosis in 
man (1-4). Recent work from several labora- 
tories has indicated that from 30 to 45 per cent of 
the total body sodium exists out of solution in the 
mineral solids of the skeleton (5-7). It has also 
been demonstrated that this store of sodium is 
not fixed but may increase or decrease depending 
on whether the individual is subjected to excess 
sodium intake, uncompensated sodium loss or aci- 
dosis (8-10). The degree to which the bone so- 
dium pool may be reduced seems to vary with the 
intensity and duration of the sodium loss and aci- 
dosis (7) and probably with the age of the ani- 
mal (7, 8,11). Therefore, experiments designed 
to examine effects of diabetes and of acidosis, sepa- 
rately and together, upon the size of this store of 
body sodium should be of value in designing ra- 
tional electrolyte replacement therapy in diabetic 
acidosis. 

In the experiments reported here the bone so- 
dium content of rats with alloxan diabetes of both 
short and long duration was compared with nor- 
mal controls of equal age. In addition, normal 
and diabetic rats were rendered acidotic by the 
intraperitoneal injection of ammonium chloride 
and the response of their bone sodium to this 
stimulus was examined. The results indicated 
that untreated alloxan diabetes, in the absence of 
acidosis, as indicated by normal blood pH’s, had 
no effect on bone sodium stores, and that both 
normal and diabetic animals responded to acidosis 
with a comparable decrease of about 12 per cent 
in bone crystal sodium content. 


1 Supported by Public Health Service Grant A-525 and 
National Science Foundation Grant G-1307. 

2 Presented in part before the Twentieth International 
Congress of Physiology, Brussels, Belgium, August, 1956. 

8 Markle Scholar in Medical Science. 
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METHODS AND CALCULATIONS 


All of these studies were carried out in male, albino 
rats of the Charles River strain, weighing 225 to 250 
Gm., 9 to 10 weeks old at the initiation of the experiment. 
All of the animals were maintained, two to a cage, on an 
ad libitum diet of Purina Rat Checkers and tap water. 
All of the animals were fasted for 20 hours prior to sacri- 
fice. The control animals for each group were obtained 
from the supplier at the same time as their experimental 
counterparts, and were maintained under identical con- 
ditions. 

Diabetes was induced by the intravenous injection of 
alloxan monohydrate (40 mg. per Kg.) following a 24 
hour fast. Criteria for the establishment of diabetes 
were two random blood sugar levels of over 300 mg. per 
cent one and two weeks after injection, together with 
a failure to gain weight in a normal fashion. Rats who 
became severely ill within 24 to 48 hours of alloxan in- 
jection were sacrificed and not used in this study, since 
we had previously found, at sacrifice and autopsy, that 
these animals had severe renal and hepatic damage, in 
addition to destruction of the beta cells of the pancreas, 
and abnormalities of these organs, especially the kidneys, 
might be expected to produce changes in the water and 
electrolyte content of the tissues, independent of the ef- 
fects of diabetes. One group of diabetic rats was sacri- 
ficed three to four weeks after the injection of alloxan. 
Another group of diabetic rats was sacrificed at the same 
time following the induction of acidosis, together with a 
group of normal controls and nondiabetic acidotic ani- 
mals. A third group of eight diabetic rats, together with 
six controls, was maintained for 23 weeks. During the 
twenty-third week two of the diabetic animals died, so the 
remaining six were sacrificed at that time, approximately 
six months after the establishment of diabetes. No in- 
sulin was administered to any of the diabetic animals. 

Acidosis was induced by the intraperitoneal injection 
of normal saline, to which was added ammonium chloride 
(100 mM per L.). Eight ml. per 100 Gm. of body weight 
was administered four hours prior to sacrifice. It must 
be noted that ketoacidosis is almost impossible to induce 
in the alloxan-diabetic animal, since once diabetes has 
been established by this drug, loss of body fat occurs 
almost immediately unless insulin is administered, and 
within two to three weeks the fat depots have practically 
disappeared. Accordingly, aceto-acetic acid and other 
ketones in increased amounts do not appear in the plasma 
of these animals, presumably due to a lack of fatty acids 
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for metabolism, and intense, true ketoacidosis cannot 
therefore be produced. However, moderately severe hy- 
perchloremic acidosis resulted from the procedure used 
here. 

At sacrifice the rats were exsanguinated through the 
abdominal aorta under Nembutal® anaesthesia. A pH 
determination (using a glass electrode and a Model G 
Beckman pH meter) and a blood-sugar (by the Folin- 
Malmros method) were performed immediately on the 
whole blood. One fasted, alloxanized rat with a blood 
sugar of less than 200 mg. per cent was discarded and 
four rats given ammonium chloride who exhibited a pH 
of more than 7.32 were also excluded from the experi- 
ment. No analyses were performed on the bones of these 
animals. A semi-quantitative analysis for ketones [by 
the nitroprusside method (12)] was carried out on the 
plasma of each rat. Plasma water was determined by 
means of a micropyknometer, plasma chlorides by the 
method of Wilson and Ball (13), and plasma sodium by 
means of an internal standard flame photometer (14), 
built by the authors. Because of the small amount of 
blood available, blood and plasma analyses were not car- 
ried out in duplicate. 

Both femurs were removed for analysis. They were 
carefully scraped free of all adherent tissue, and the epi- 


physes removed with a small bone-cutter. The marrow 
was removed from the shaft by means of small wires. 
All possible precautions were taken to carry out these 
processes in a uniform, rapid manner and to avoid con- 
tamination with electrolytes or loss of water by evapora- 
tion. 

Both femurs from each animal were placed in a tared 
weighing bottle and brought to constant weight at 102° C. 
The bones were then ground by hand in a mortar to a 
powder the consistency of fine talc. This powder was 
extracted three times with a mixture of equal parts of 
ethyl and petroleum ether to remove neutral fat. The 
marrow-free bones of young rats contain almost no fat 
(less than 1 per cent). However, the bones of the older 
animals contained significant amounts of fat (up to 5 
per cent of wet weight). Therefore, all bones were fat- 
extracted. The methods used in the analysis of the 
bones for chloride and sodium have been described in 
detail elsewhere (9). Bone chloride and sodium analyses 
were all carried out in duplicate. Ashing was carried out 
on separate samples of 75 to 100 mg. The samples were 
ashed in platinum crucibles for 48 hours at 1,000° F. 

Calculation of the crystal sodium, or that part of the 
sodium not contained in the extracellular fluid of the bone, 
was made on the assumption that all of the chloride pres- 











TABLE I 
Basic data 
Duration Body Blood 
diabetes wet. sugar pH Blood ketones* 
Gm. mg. % 
80-100 day old rats 
Normal (8)t Mean 281 115 7.45 0 
S.D. 15.3 4.8 0.030 
Normal acidotic (7) Mean 259 109 7.29 1 = 0, 1 = faint trace, 
S.D. 11.5 6.9 0.030 3 = trace,2 = +to++ 
pt 0.02 ns 0.001 
Diabetic (6) Mean 3—4 weeks 234 218 7.43 5 = 0, 1 = faint trace 
S.D. 14.1 75.6 0.09 
p 0.001 0.001 ns 
Diabetic acidotic (9) Mean 3-4 weeks 218 269 7.29 5 = 0, 4 = faint trace 
S.D. 30.2 73.4 0.053 
p 0.001 0.001 0.001 
Diabetic vs. diabetic 
acidotic p ns§ ns 0.01 
280 day old rats 
Normal (6) Mean 484 106 
S.D. 50 8.6 
Diabetic (6) Mean 6 months 356 365 
S.D. 12.6 65.0 
p 0.001 0.001 





* Values of less -han + represent less than 10 mg. per cent acetone; + to +-+ represent 10 to 20 mg. per cent 


acetone (12). 
t No. animals in group. 


tp values are the significance of difference of means of normal and experimental animals. The 80 to 100 day rats 
are compared with the 80 to 100 day normals and the 280 day diabetic rats with the 280 day normals. 


§ No significant difference (p > 0.05). 
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ent in bone is present in the extracellular and hydration 
shell water. Using the formulae of Hastings and Eichel- 
berger (15), the amount of this water was calculated, 
and the sodium contained in it subtracted from the total 
sodium in the bone.t The remainder of the sodium was 
assumed to be present in association with the crystalline 
lattice of the bone. Accordingly, crystal sodium was cal- 
culated by dividing the concentration of total bone sodium 
(minus extracellular fluid sodium) in a Kg. of bone 
solids by the percentage of ash found per Kg. of solids, 
divided by 100. In the calculation of bone crystal calcium, 
the correction for calcium contained in the chloride space 
has been omitted, since it is always less than 1 mM. 

Expression of calculated sodium and calcium values 
using this reference base has the advantage of eliminating 
fluctuations in total ions which may be due to changes 
in the volume or ion content of the chloride space of bone, 
and also presents the data as figures that are probably 
close to the actual concentrations of these ions in the 
bone mineral. It has the disadvantage that the chloride 
space as calculated may not be a true measure of this 
moiety of bone water. 

Statistical analysis of the data was done using Fisher’s 
t test for small samples. 


RESULTS 


Tables I through III present the results ob- 
tained. All experimental values were referred to 
the 80 to 100 day old normal controls, with the 
exception of the values for the 280 day old diabetic 
rats where control values were those found in the 
normal animals of the same age. In addition, 
statistical comparison of the data of diabetic ver- 
sus diabetic acidotic animals was made. 

In Table I it can be seen that diabetes caused a 
significant loss of weight. Short-term diabetic rats 
weighed 16.8 per cent less than normal controls, 
while after six months the diabetic animals weighed 
26.5 per cent less than their nondiabetic litter- 
mates. In addition, acidosis caused loss of weight 
in both groups of animals, statistically significant 
in the normals. Theacidotic animals had a marked 
diuresis following NH,Cl, which probably ac- 


4The formula used for the calculation of the chloride 
space in bone is as follows: 





a cL xs 
cao Cl, + HO, X 0.96 
where 
CCS = ml. “calculated chloride H,O”’ per Kg. fat-free 
bone, 


Cl, = mM Cl per 100 Gm. fat-free bone, 
S = Gm. solids per Kg. fat-free bone + 100, 
Cl, = mM Cl per L. plasma, 
H.O, = Gm. H.0O per L. plasma + 1,000, and 
0.96 = Donnan correction factor. 
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TABLE II 
Plasma water and electrolytes 











H:0 Na cl 
Gm./L. mEq./L. 
80-100 day old rats 
Normal (8)* Mean 951 149 109 
S.D. 22 3.6 3.1 
Normal Mean 952 144 12if 
acidotic (7) S.D. 1.8 5.2 4.2 
pt ns§ ns 
Diabetic (6) Mean 953 141 100 
S.D. 4.6 2.4 4.1 
p ns 0.01 0.001 
Diabetic ean 955 150 116} 
acidotic (9) S.D. a7 4.2 5.4 
p 0.01 ns 
Diabetic vs. dia- 
betic acidotic p ns 0.001 ns 
280 day old rats 
Normal (6) Mean 945 148 103 
S.D. 3.5 3.5 1.3 
Diabetic (6) Mean 945 143 99 
S.D. 3.5 4.1 3.9 
p ns ns 0.05 





* No. animals in group. 

+ Received NH.CIl. 

t p values are the significance of difference of means of 
normal and experimental animals. The 80 to 100 day 
rats are compared with the 80 to 100 day normals and the 
280 day diabetic rats with the 280 day normals. 

§ No significant difference (p > 0.05). 


counts for the loss of weight. Blood sugars were 
markedly elevated in diabetes, and were higher in 
the rats who had had their disease for a longer pe- 
riod of time. Acidosis appeared to increase the 
blood sugar of diabetic rats, as compared with non- 
acidotic diabetic animals, perhaps due to the stress 
of this experimental procedure, but this difference 
was not statistically significant. Plasma pH was 
normal in the diabetic rats, and ammonium chlo- 
ride did not result in a more marked drop in the 
diabetic animals. pH fell an average of 0.14 unit 
in the diabetic animals and 0.16 unit in the non- 
diabetic animals. 

Results of plasma ketone analyses were of in- 
terest in that normal animals exhibited a much 
more marked degree of ketosis in response to aci- 
dosis than did diabetic animals, probably as a re- 
sult of the previously mentioned fact that the pres- 
ence of depot fat is a necessary precursor for the 
development of ketosis. This finding also sug- 
gests that lowered pH, such as occurred in the non- 














05 


s of 
day 
the 


ere 
in 
pe- 
the 
on- 
eSS 
nce 
vas 
ilo- 
the 
nit 
on- 


1ch 
ci- 
re- 
es- 
the 


on- 


EFFECT OF DIABETES AND ACIDOSIS ON BONE COMPOSITION 1679 


TABLE III 
Basic bone data * 











H:0 Ash Cl Na Ca 
Gm./Kg. bone % solids mM /100 Gm. solids 
80-100 day old rats 
Normal (8)f Mean 234 70.0 (7) 2.69 26.1 671 
S.D. 16.1 1.5 0.22 0.85 14.8 
Normal acidotic (7) | Mean 243 71.1 (6) 2.99 23.2 643 
S.D. 10.4 1.0 0.23 0.41 7.6 
pt ns§ ns 0.01 0.001 0.01 
Diabetic (6) Mean 224 69.9 2.20 25.1 657 
S.D. 13.2 2.4 0.26 0.47 2. 
p ns ns 0.02 ns ns 
Diabetic acidotic (9) Mean 218 69.8 (7) 2.53 23.4 632 
S.D. 9.7 2.0 0.16 0.71 15.3 
p 0.05 ns 0.05 0.001 0.001 
Diabetic vs. diabetic 
acidotic p ns ns ns 0.01 0.05 
280 day old rats 
Normal (6) Mean 192 70.9 2.63 26.8 
S.D. 5.8 1.4 0.35 1.04 
Diabetic (6) Mean 201 71.3 2.16 27.3 
S.D. 11.5 Hs | 0.22 0.88 
p ns ns 0.02 ns 








* All data are expressed in terms of fat-free bone. 
t No. animals in group. 


t p values are the significance of difference of means of normal and experimental animals. The 80 to 100 day rats 
are compared with the 80 to 100 day normals and the 280 day diabetic rats with the 280 day normals. 


§ No significant difference (p > 0.05). 


diabetic animals in response to hyperchloremia, 
inhibited normal glucose utilization, resulting in a 
secondary ketoacidosis which might have been re- 
sponsible for the slightly greater degree of pH 
change seen in the normal animals when com- 
pared to the diabetics. 

Table II presents the average values found for 
plasma water and electrolytes in the different 
groups of animals. Plasma water was lower in 
the older animals, as has been described during 
aging (7, 11). Diabetes did not affect plasma 
hydration, but there was a slight increase in 
plasma water in the diabetic acidotic rats. Plasma 
sodium and chloride concentrations were lower in 
the diabetic animals than in the normals. In the 
younger rats both these differences were statisti- 
cally significant, and plasma chloride was signifi- 
cantly lowered in the older diabetic animals. A 
rapid rate of urine formation, secondary to the 
osmotic diuresis of hyperglycemia, which pre- 
vented as complete reabsorption of these ions as 
normally occurs, is the probable explanation for 


these findings. The high plasma chloride values 
in the acidotic animals were the result of the 
large load of intraperitoneal ammonium chloride 
which they had received. The normal value for 
serum Na seen in the diabetic acidotic animals, as 
compared to the diabetics, may have been due to 
retention of Na from the NaCl solution in which 
the NH,Cl was administered. 

In Table III, it can be seen that the water and 
electrolyte content of the bones of diabetic animals 
did not differ significantly from that of the nor- 
mal controls, with the exception of chloride. Al- 
though total bone water was significantly lower in 
the older animals, both control and diabetic, com- 
pared to the younger, as has been previously re- 
ported in association with aging (7, 11), the total 
bone sodium content was not lowered in diabetes 
either of short or long duration. In contrast, total 
bone sodium was significantly lower in both nor- 
mal and diabetic animals rendered acidotic, the 
size of the decrease in bone sodium being similar 
in both groups of animals. Bone calcium also fell 
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TABLE IV 
Calculated bone data * 
Calculated Chloride Calculated Calculated 
chloride Remaining space “crystal” “crystal” 
space water Na Na Ca 
Total mM /Kg. 
Gm./Kg. wet bone wet bone mM/Kg. crystal 
80-100 day old rats 
Normal (8)t Mean 174 57 26.2 325 (7) 9,622 (7) 
S.D. 11.0 16.0 2.0 11.8 162 
Normal acidotic (7) Mean 171 70 24.6 280 (6) 8,994 (6) 
S.D. 12.8 9.4 1.5 7.6 54 
pt ns§ ns ns 0.001 0.001 
Diabetic (6) Mean 148 76 21.1 322 9,414 
0. 7.2 10.0 0.8 8.6 108 
p 0.01 ns 0.001 ns ns 
Diabetic acidotic (9) Mean 157 61 23.6 289 (7) 9,093 (7) 
S.D. 12.7 18.2 ie 11.9 161 
p 0.02 ns 0.05 0.001 0.001 
Diabetic vs. diabetic 
acidotic p ns ns ns 0.001 0.01 
280 day old rats 
Normal (6) Mean 182 10 26.7 331 
S.D. 11.2 8.2 Df 13.2 
Diabetic (6) Mean 158 43 23.0 343 
S.D. 12.3 18.3 5 | 7.7 
p 0.01 0.01 ns ns 








* All data are expressed in terms of fat-free bone. 
¢ No. animals in group. 


I p values are the significance of difference of means of normal and experimental animals. 


The 80 to 100 day rats 


are compared with the 80 to 100 day normals and the 280 day diabetic rats with the 280 day normals. 


§ No significant difference (p > 0.05). 


in both normal and diabetic acidotic animals. 
Bone chloride content was significantly lowered in 
both young and old diabetic animals, while acidosis 
raised the bone chloride content in both normals 
and diabetics, probably as a reflection of the ab- 
normally high plasma concentrations of this elec- 
trolyte. This hypothesis is confirmed by the fact 
that acidosis did not significantly increase bone 
chloride spaces (Table IV). 


DISCUSSION 


While the total volume of bone water is amena- 
ble to direct measurement, the assumption that 
the chloride space is a true measure of the extra- 
cellular space of this tissue is open to considerable 
doubt. Histological studies and the investigations 
by Neuman, Toribara and Mulryan of synthetic 
hydroxyapatite (16) suggest that bone water may 
be divided into four moieties: 1) “true” extra- 
cellular fluid (i.e., plasma and interstitial fluid 


contained in the Haversian systems ; 2) intracellu- 
lar water of the bone cells; 3) the hydration shells 
of the mineral crystals; and 4) water in the form 
of hydronium ions substituted for Ca** or Na** at 
the crystal surface. In previous publications the 
authors have assumed that the chloride space com- 
prised only the “true” extracellular water. Forbes, 
Mizner and Lewis, on the other hand, have as- 
sumed that the chloride space includes the hydra- 
tion shell water as well (11). Their theory is 
supported by two observations which suggest that 
our previous concept was in error. First, there 
appears to be exchange of ions between the bulk 
solution and the apatite crystal in vitro (17, 18), 
which implies that the hydration shell water must 
contain the same ions and be continuous with the 
bulk solution in vitro, and, by analogy, the extra- 
cellular fluid in vivo. Second, Neuman and as- 
sociates’ experiments with fresh bone indicate that 
the largest part of the water is bound, presumably 
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as an hydration shell (10). Since most of the bone 
water is included in the calculated chloride space, 
one must deduce that the hydration shell contains 
chloride. 

The calculation of a chloride space in bone, then, 
presupposes that the concentration of chloride in 
the hydration shell is equal to that in the extracel- 
lular fluid. This may not be a valid assumption. 
It is currently believed that the surfaces of bone 
apatite crystals are charged (19) ; the concentra- 
tion of ions in solution in the hydration shell water 
must therefore be at least in part influenced by this 
charge, and by the ability of a particular ion, de- 
pending on its size and charge, to exchange with 
the crystal surface. Neuman and Neuman have 
shown that phosphate appears to be restricted 
within the hydration shell water by the crystal 
charge (20), and this could also be true of chlo- 
ride. If this is the case, the concentration of 
chloride in the hydration shell may be higher than 
in the extracellular fluid, as in tendon water where 
the concentration of chloride averages 10 to 20 
mM higher than in extracellular fluid (21) due to 
binding by positively charged sites on the col- 
lagen molecules. If this is the case, one is over- 
estimating the size of the bone chloride space and 
assigning to it more sodium than it actually may 
contain, thereby underestimating the concentra- 
tion of sodium in the lattice. Furthermore, the 
concentration of sodium in the water of hydration 
may vary for the same reasons as in the case of 
chloride, introducing still another source of error. 

Using the calculated chloride space as a meas- 
ure of the sum of “true” extracellular fluid and 
water of hydration, the remaining water in young 
animals constitutes some 25 per cent of total bone 
water. Presuming that bone cells are hydrated 
to the same extent as muscle cells (765 Gm. H,O 
per Kg.) (10, 22), then marrow-free cortical bone 
would contain some 8.5 per cent of cells. This fig- 
ure seems high, but part of the water may be 
present as hydronium ions. On the other hand, 
in older rats, where nonchloride water constitutes 
only 6 per cent of the total bone water, cells would 
constitute only 1.3 per cent, which seems low, and 
there would be virtually no water present as hy- 
dronium ion. 

It is also puzzling that the total water content 
of adult bone is inadequate to hydrate bone col- 
lagen to the same extent as collagen in other parts 


of the body. Pure collagen, as exemplied by ten- 
don, has a water to dry solids ratio of 2:1 (21). 
In our normal 280 day old rats, water constituted 
19.2 per cent of the total bone. Of the total solids 
(808 Gm.), ash weight constituted 70.9 per cent 
or 572 Gm. Dry collagen constituted almost 100 
per cent of the remaining solids (23), or 236 Gm. 
If this collagen were hydrated to the same extent 
as tendon, it would, then, command the presence of 
some 472 Gm. of water, more than twice the total 
water content of adult bone found by us and other 
workers (11). Presuming that bone contains a 
considerable amount of crystalline water of hydra- 
tion, as well as water in the Haversian systems, 
and a small amount of intracellular water, one is 
reduced to visualizing collagen in mature bone as 
virtually a “dry” substance. This same conclu- 
sion has been reached by Robinson (24), and simi- 
lar findings in enamel have been reported by 
Deakins (25). One is tempted to speculate, in 
the light of this finding, that the dehydration of 
collagen in bone occurs during skeletal develop- 
ment by the substitution of calcium and phosphate 
ions directly into the collagen fiber, in exchange 
for hydronium or hydroxyl ions. In other words, 
the formation of the crystalline structure of bone 
may occur actually within the fibers of collagen by 
means of a chemical exchange between the water 
of this substance and the ions forming the bone 
crystal. The marked decline in total bone water 
from weanling to old rats (7, 10, 11) and the 
demonstration of calcification centers inside the 
collagen fibrils of embryonic bone (26) support 
this concept. 

Despite these grave reservations as to the va- 
lidity of the calculated chloride space in bone, it 
should be realized that some sodium in bone does 
exist that is not present as part of the mineral 
lattice, that the amount of this sodium may vary, 
and that the only possible method of estimating 
this variation at present is by the use of such a 
calculated chloride space. The quantitative ac- 
curacy of the data derived by this means is cer- 
tainly open to criticism. 

Table IV and Figures 1 and 2 present values 
calculated from the basic data for the water, so- 
dium and calcium content of bone. 

In the three groups of nondiabetic animals, the 
only significant changes found in either total bone 
water or calculated chloride spaces was a decrease 
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Fic. 2. CHANGES IN BoNnE CrYSTAL SoDIUM AND CALCIUM 


The bars represent changes in the concentration of calculated “crystal” 
Na* and Ca** in the old normals and experimental groups, as compared 
with the values found in the normal 80 to 100 day control animals. One 
standard deviation above and below normal values is shown on the scale for 


both Na* and Ca**. 

















EFFECT OF DIABETES AND ACIDOSIS ON BONE COMPOSITION 


in the tetal bone water of the older animals, 
consistent with previous reports (Table IV and 
Figure 1). Since the calculated chloride space 
did not decrease with age, this represented a sig- 
nificant decrease (p< 0.01) in the remaining 
fraction of the bone water, which fell from 25 per 
cent of the total bone water in the 80 to 100 day 
rats to 5 per cent in the older animals. 

In the diabetic animals, total bone water was 
lowered significantly, compared to the normal 
80 to 100 day controls, in the acidotic group. This 
lowering appeared to be a combination of the stress 
of diabetes and acidosis in these animals, since the 
values for total bone water in the nonacidotic ani- 
mals did not differ significantly from the normal 
controls, nor were the values for the diabetic-aci- 
dotic rats significantly different from those for the 
nonacidotic diabetic animals. On the other hand, 
the calculated chloride space was significantly 
lower in all three groups of diabetic animals, com- 
pared with the normal 80 to 100 day controls. 
This change was also significant when the values 
for the older diabetic animals were compared with 
the values found in the older controls. The cal- 
culated chloride space in the 80 to 100 day old 
diabetics was 15 per cent less than in the 80 to 
100 day controls, and 10 per cent less in the dia- 
betic-acidotic animals, compared with the same 
controls. In the older animals, the calculated 
chloride space was 13 per cent less than in the 
control animals of the same age. Acidosis, as 
produced in these experiments, did not signifi- 
cantly alter the size of the calculated chloride 
space in either normal or diabetic animals. The 
mechanisms which underlie these apparent 
changes in the volume and distribution of bone 
water are as yet unknown. In the case of the 
reduced size of the calculated chloride spaces in 
the diabetic animals, one might speculate that 
there was a general reduction in total body ex- 
tracellular fluid volume, as a result of osmotic 
diuresis, which was reflected in the calculated 
chloride space of bone. Since no measurements of 
total extracellular fluid were made in these ani- 
mals, the validity of this concept cannot be de- 
termined. 

Table IV and Figure 2 present calculated values 
for bone crystal sodium and calcium. It is ap- 
parent from these calculated values that bone 
crystal sodium concentrations were almost identi- 
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cal in the short-term diabetic animals with those 
found in the normal animals. There was, how- 
ever, an increase in bone crystal sodium in the 
bones of the older animals, as has already been 
described by the authors and other investigators 
(7, 8,11). This increase was actually greater in 
the old diabetic rats than in the normals, con- 
firming the impression that uncontrolled diabetes 
of this type, despite causing a lowered serum so- 
dium concentration, did not decrease the store of 
sodium in the bone crystal. It is of interest to 
note that age, rather than weight, is apparently 
the determining factor in bone crystal sodium con- 
centration, since the diabetic rats weighed 18 to 20 
per cent less than the normal controls. 

In both normal and diabetic animals, however, 
acidosis caused a marked fall in the concentration 
of bone crystal sodium. In the normal animals 
bone crystal sodium fell from 325 to 280 mM in 
response to acidosis, a decrease of 13.8 per cent, 
while in the diabetics it dropped from 322 to 289, 
or 9.9 per cent From these data, it would appear 
that there was little difference in the response of 
bone crystal sodium of the normal and the diabetic 
rats to the stimulus of acidosis. 

The mobilization of bone crystal sodium ob- 
served in these rats in response to hyperchloremic 
acidosis is comparable to that observed by the au- 
thors in adult dogs, where in response to acute 
pure sodium deficiency some 11 per cent of bone 
crystal sodium was removed (9) and to the 11 
per cent fall found by Levitt, Turner, Sweet and 
Pandiri in rats (27). Lesser degrees of bone 
sodium depletion were observed by Edelman, 
James, Baden and Moore in dietary sodium de- 
pletion of dogs (5.8 per cent) (28) and by Lo- 
beck and Forbes (5.5 per cent) (29) in rats dy- 
ing in acute acidosis 72 hours after the injection 
of alloxan monohydrate. It is of interest that in 
the latter experiments the degree of sodium de- 
pletion of bone was less than half that reported 
here, despite greater decreases in plasma pH and 
significantly decreased serum sodium concentra- 
tions. It is possible that adrenal stimulation ac- 
counted for this, since their animals were mori- 
bund at the time of sacrifice. Bergstrom and 
Wallace, using a dialysis technique identical with 
that used in the present series, but allowing their 
rats to equilibrate for 24 hours in the absence of 
exogenous sodium, were able to mobilize 31 per 








cent of the “extra” sodium of bone (8). No bone 
waters are available in this series, and further- 
more, since their values were expressed in terms 
of wet bone rather than crystal solids, it is diffi- 
cult to compare them with our values. 

Bergstrom and Wallace noted a fall in bone 
calcium in response to acidosis similar to that re- 
ported here, although this decrease was not sta- 
tistically significant (8). In their animals, cal- 
cium fell from 8,000 to 7,800 mEq. per Kg. of 
wet bone, or 2.5 per cent. In the present series, 
bone calciums were comparable in the normal 
and diabetic animals, and acidosis caused a fall of 
7 per cent in bone crystal calcium in the bones of 
the normal rats, and a drop of 3.4 per cent in the 
diabetic animals. These changes were both highly 
significant. 

It would appear in these animals, that loss of 
bone sodium in response to acidosis was not ac- 
companied by any major gain in water, and in fact 
there was a decreased amount of nonextracellular 
water in the diabetic animals. Hence no exchange 
of sodium for hydronium ion can be postulated. 
Nor, apparently, was sodium exchanged for cal- 
cium in the crystals, since bone crystal calcium 
also fell. An exchange of hydrogen ion for so- 
dium and calcium cannot be postulated in the 
light of Neuman and Neuman’s belief that hy- 
drogen ion exchange at the crystal surface occurs 
only when hydrogen is present as hydronium or 
hydroxyl ion (19). It is probable, therefore, that 
actual dissolution of the crystalline matrix occurs 
in acidosis; some confirmation of this is found 
clinically in the demineralization of bone observed 
in conditions of chronic acidosis (30, 31). It is 
also probable that, in these animals, dissolution of 
organic matrix also occured, since there was vir- 
tually no change in the percentage of ash in the 
acidotic bones. If 7 per cent of the crystalline 
matrix had been lost, as suggested by the fall in 
calcium in the nondiabetic acidotic animals unac- 
companied by a loss of organic solids, one would 
have expected to find a lowering of the ash to or- 
ganic solids ratio in these bones. Furthermore, 
the ratio of calcium to the other mineral ions must 
have decreased, since a decrease in the concen- 
tration of this ion was observed in relation to both 
total bone solids and bone ash. 

The syndrome of alloxan diabetes in the rat, 
while differing in many important respects from 
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the spontaneous diabetes occurring in humans, 
does include hyperglycemia, glycosuria and poly- 
uria, which might be expected to reduce stores of 
body sodium. However, from the data presented, 
it would appear that untreated alloxan diabetes 
in the presence of an adequate dietary intake of 
sodium exerted little or no effect upon body so- 
dium stores, as exemplified by the storage of so- 
dium in bone, despite the presence of a lowered 
serum sodium in these animals. It'should also be 
noted that serum sodium was high in the diabetic- 
acidotic animals who lost considerable quantities 
of bone sodium. Apparently, then, the removal 
of sodium from bone is not completely dependent 
on extracellular fluid levels of this ion in the ab- 
sence of acidosis. The concentration of extracellu- 
lar fluid sodium may, however, play some part in 
the mobilization of bone sodium. We were able to 
mobilize some 70 mM of sodium in excess of that 
lost from the extracellular fluid, from dogs dia- 
lyzed against a low-sodium bath (9). In these 
animals plasma sodium fell 7 mM per L., while 
plasma pH remained normal. Much more sodium 
was mobilized from a second group of animals in 
whom plasma sodium fell 18 mM per L., ac- 
companied by a fall in plasma pH (9). In the 
present series of rats, more sodium and calcium 
were mobilized in the normal acidotic animals who 
had a plasma sodium concentration of 144 mM 
than in the diabetic-acidotic animals with a plasma 
sodium of 150 mM per L. Plasma pH was com- 
parable in the two groups. These findings sug- 
gest that either lowered extracellular fluid sodium 
in the presence of normal pH or acidosis in the 
presence of normal extracellular fluid sodium may 
cause a loss of bone sodium, but that maximal loss 
of bone sodium occurs when both of these factors 
are present. 


SUMMARY 


1. Untreated alloxan diabetes does not alter 
the total water or crystal sodium and calcium con- 
tent of bone. It does diminish the size of the “cal- 
culated chloride space” of bone. 

2. Acute hyperchloremic acidosis causes a fall 
in bone crystal sodium (10.2 per cent) and calcium 
(3.5 per cent) in diabetic rats which is comparable 
with the fall in bone crystal sodium (13.8 per 
cent) and calcium (7.0 per cent) obtained in nor- 
mal rats. 
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EFFECT OF DIABETES AND ACIDOSIS ON BONE COMPOSITION 


3. A discussion of the present state of knowl- 


edge of bone water, and those factors limiting the 
accuracy of the “calculated chloride space” in bone, 


is 


M 


presented. 
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SUSCEPTIBILITY OF RATS WITH HORMONAL HYPERTENSION 


TO EXPERIMENTAL PYELONEPHRITIS *? 
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Congenital malformations and urinary tract ob- 
structions are accepted predisposing factors in 
human pyelonephritis. Ureteral ligation (1, 2), 
mechanical trauma (3), scar formation in the kid- 
ney after recovery from severe staphylococcal in- 
fection (4), and localized thermal injury to the 
renal medulla (5) have been shown to predispose 
to the development of acute, hematogenous, 
Escherichia coli pyelonephritis in the experimental 
animal. It is conceivable that other renal insults 
such as arteriolar nephrosclerosis and necrotizing 
arteriolitis might similarly increase susceptibility to 
infection. There are no experimental data to sup- 
port this supposition. The postmortem examina- 
tion of “end stage” kidneys and analysis of clini- 
cal charts do not yield evidence which clearly es- 
tablishes the sequential relationship of hyperten- 
sion and pyelonephritis. The present investiga- 
tion was therefore designed to test by experiment 
the hypothesis that animals which are made hyper- 
tensive and which have renal arteriolar disease may 
have an increased susceptibility to pyelonephritis. 


MATERIALS AND METHODS 


Animals. White female Sprague-Dawley strain rats, 
weighing 50 to 60 Gm., were used. 

Induction of hypertension. Experimental animals were 
subjected to left nephrectomy and three to four fort- 
nightly injections of a long-acting derivative of desoxy- 
corticosterone (DCA)? in 25 mg. doses. They drank 
1 per cent NaCl. This method of inducing hyperten- 
sion was chosen because of its relatively predictable 
course, reproducible occurrence, and the development of 


1 This investigation was supported in part by Grants 
H-2259 and E-1561 from the United States Public Health 
Service and by a grant from the United Medical Research 
Foundation. 

2 Presented before the Annual Meeting of the Ameri- 
can Federation for Clinical Research, Atlantic City, May 
4, 1958. 

8 Desoxycorticosterone trimethylacetate kindly sup- 
plied by Ciba Pharmaceutical Products, Inc., Summit, 
N. J. 
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diffuse arteriolarsclerosis, most evident in the kidney. 
Arterial pressure is usually increased by about 30 mm. 
Hg in 2 weeks while manifestations of cardiovascular 
disease occur in 6 to 12 weeks. Knowlton and Loeb (6) 
have shown that rats made hypertensive by this method 
exhibit a striking lowering of carcass potassium. In 
order to prevent this, 0.49 per cent KCl was added to the 
drinking water. 

Control animals had a left nephrectomy but received 
no DCA and drank ordinary tap water. Both experi- 
mental and control animals ate Purina Laboratory Chow. 
The animals of Study A were not pair-fed and there 
was a 30 Gm. difference between the average weights of 
the experimentals (156 Gm.) and the controls (195 Gm.). 
In Study B, the animals were pair-fed and resulting 
weight curves were practically identical. 

Blood pressure measurement. Blood pressures were 
measured according to the method of Friedman and 
Freed (7) but with the modification that the animals 
were neither anesthetized nor immobilized with curare. 
Normal values obtained by ‘this modified technique 
ranged from 20 to 40 mm. Hg higher than those ob- 
tained on anesthetized animals. Readings were obtained 
at 7 to 10 day intervals. 

Bacteriological techniques. Study of the susceptibility 
of the kidneys of these animals to infection by E. coli in- 
jected intravenously was based on the work of Guze and 
Beeson (2). Strains of E. coli to be used for intrave- 
nous inoculation were isolated from the urine of patients 
with active pyelonephritis. After identification, the or- 
ganism was injected intravenously into a rat with a 
ligated ureter, subsequently recovered from the infected 
kidney, and inoculated into tubes containing 10 ml. of 
sterile broth. The tubes were incubated for three hours, 
sealed with parafilm, frozen, and stored at —20° C. 
Colony counts were plotted against Klett-Summerson 
colorimeter readings on a broth culture at frequent in- 
tervals in order to simplify the determination and stand- 
ardization of inoculum size for future experiments. When 
a group of animals were to be injected with E. coli, a 
frozen culture was warmed to 37° C., incubated for 12 
hours, and a small inoculum placed in 150 ml. of sterile 
broth. When growth produced marked turbidity, the 
culture was diluted with sterile broth to the desired 
colorimeter reading, i.e., equivalent to the number of 
million bacteria to be injected. Then 20 to 25 ml. was 
removed, centrifuged and the sediment resuspended in an 
equivalent volume of sterile saline. One ml. of this 
saline suspension was then injected into the tail veins of 
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Fic. 1. AvzraGE WEIGHTS AND SysToLic BLoop PRESSURES OF A GROUP OF 
Four EXPERIMENTAL RATS AND THEIR PAIR-FED CONTROLS 


a group of rats with hypertension of six to eight weeks 
duration and their controls. In Study A, 120 to 325 mil- 
lion organisms were injected into each animal but in 
Study B only 75 million of a more virulent strain was 
given to most animals. Estimations of the number of 
bacteria injected, based on the colorimeter, were always 
checked by incubation of serial dilutions in desoxycholate 
pour plates followed by colony counting. There was close 
agreement by the two methods. 

The mean survival time for animals in which DCA- 
saline hypertension is induced by this method is about 
117 days (8). Rats in this study were inoculated with 
E. coli 50 to 60 days after the regimen was started; most 
appeared to be vigorous at the time of inoculation, and 
reference to Figure 1 shows that they were steadily 
gaining weight. Three of 45 hypertensive rats died prior 
to injection of E. coli. Others died during the night 


following injection, presumably of bacteremic shock, 
and were usually lost to the study. The remaining 33 
animals were sacrificed at intervals varying from 2 to 
15 days. They were not sacrificed less than 2 days after 
injection unless it became apparent that they were dying. 
Since all animals had been uninephrectomized, pyelo- 
nephritis was poorly tolerated when it occurred. A 
randomly selected control was sacrificed with each ex- 
perimental rat, or if a control animal appeared to be dy- 
ing she was sacrificed with a randomly selected experi- 
mental. The purpose of these experiments was to de- 
termine presence or absence of pyelonephritis and no at- 
tempt was made to study survival time. The right kid- 
ney was removed, using sterile technique, and its macro- 
scopic appearance noted. The kidney was then sliced in 
half in its long axis. One half was fixed in either 10 
per cent formalin or Helly’s fluid for histologic sections. 


TABLE I 


Study A—Colony counts and descriptions of kidneys of hypertensive and control animals at 
intervals after injection of E. coli 








Time Kidney of 


Kidney of 





interval hypertensive Description* control Description* 

Hours 
5 1,290 0 820 0 
10 > 1,000,000 0 870 0 
17 > 10,000,000 0 1,500 0 
23 420 0 2,540 0 

Days 
1 > 30,000,000 0 6,140 0 
3 40 0 380 0 
3 > 30,000,000 +4- 20 0 
4 > 100,000,000 + 40 0 
6 > 15,000,000 + 660 0 
6 10 0 0 0 
6 0 0 150 0 
15 > 20,000,000 ++ 0 0 





*0, no cellular infiltrate; +, cellular infiltrate; ++, microscopic abscesses; -+--++-++, macroscopic abscesses. 
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Fic. 2. ILLUSTRATIONS OF NORMAL AND 


A, kidney of control rat (previously uninephrectomized). B, kidney from a hypertensive rat inoculated with 
E. coli but revealing no cultural or histological evidence of infection. Glomerular and tubular changes character- 





The remaining helf was placed in peptone water in a 
sterile graduate cylinder, its volume measured, and a di- 
lution of 1:10 made. It was next ground with sterile 
sand in a mortar and pestle, serial dilutions made, and 
1 ml. of the several dilutions added to desoxycholate agar 
for preparation of pour plates. These were incubated at 
37° C. for 48 hours and colony counts made. 


RESULTS 
Study A 


On the DCA-saline regimen, the experimental 
rats developed hypertension in about two weeks 
and, soon thereafter, vascular disease, most marked 
in the kidney. The inoculum of £. coli varied in 
size from 120 to 325 million organisms which were 
considerably less virulent than those of the strain 
used in Study B. Of those animals available for 





study, 7 of 12 of the hypertensive group and none 
of the 12 controls showed evidence of renal in- 
fection by colony counts (Table I). Normal kid- 
neys were expected to arrest up to 20 to 30 thou- 
sand bacteria per Gm. of kidney tissue for about a 
week (2). Significantly higher colony counts 
were considered indicative of bacterial multiplica- 
tion and infection. The seven hypertensive rats 
with renal infection had colony counts in excess of 
one million, whereas no control rat had a count of 
more than 6,200 and most had only a few hundred. 
None of those with infected kidneys by bacterial 
counts had macroscopic abscesses, but the four 
sacrificed more than 24 hours after inoculation had 
microscopic evidence of infection. None of the 
kidneys of control animals showed histologic ab- 
normality. 
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PatHoLocicaL Histotocy ENCOUNTERED 


istic of the DCA-saline regimen are demonstrated. C, extensive infiltration of mononuclear cells. D, renal cor- 


tical abscess. Hematoxylin and eosin (X 115). 





Study B 


Rats in this study were pair-fed. Weight and 
systolic blood pressure curves of a representative 
experimental group with their controls are shown 
in Figure 1. The first two groups (of eight each) 
were inoculated with approximately 100 million 
bacteria of a new strain of FE. coli. Three of the 
experimentals died within 12 hours. In addition, 
two of the controls developed abscesses of the kid- 
ney. It was concluded that this strain was more 
virulent than that used in Study A. Therefore, 
a group of normal rats were divided into subgroups 
of three each and injected with decreasing num- 
bers of organisms (100, 75, 50 and 25 million). 
On the basis of results, 75 million bacteria was 
chosen as the highest dose which would not in- 
fect a significant number of controls, and was used 


in all succeeding experiments. Of the remaining 
16 controls, only 1 developed renal infection. 

As is shown in Table II, 16 of 21 hypertensive 
and only 3 of 21 control animals developed pyelo- 
nephritis. Of the 16 infected hypertensives, 9 had 
macroscopic abscesses, 2 microscopic abscesses, 
and 3 infiltrates of inflammatory cells. The 2 rats 
sacrificed less than 24 hours after injection had 
no histologic evidence of infection. Two of the 
3 infected controls had macroscopic abscesses, and 
the third, sacrificed 13 hours after injection, had 
no microscopic evidence of infection. Organs 
other than the kidneys were never macroscopically 
infected at the time of sacrifice. Colony counts of 
cultures from liver and spleen in a small but repre- 
sentative group of hypertensive and control rats 
confirmed the absence of infection in these or- 
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Fic. 2. (For prenins 





gans, Illustrations of kidneys of normal (uni- 
nephrectomized) rats, of those with DCA-saline 
induced hypertension, and of those with superim- 
posed infection are shown in Figure 2. 

Summarizing the combined results of Studies 
A and B, 23 of 33 hypertensives but only 3 of 33 
controls developed varying degrees of pyelonephri- 
tis. This difference is highly significant (p< 
0.00001). 


DISCUSSION 


The induction of severe hypertension and dif- 
fuse arteriolarsclerosis in uninephrectomized rats 
given DCA and saline was first described by 
Selye, Hall and Rowley in 1943 (9). Of all va- 
rieties of experimental hypertension, it is said to 
resemble most closely the human disease in both 
its functional and anatomical aspects (10). The 


model is well suited to the purposes of this in- 
vestigation except that a striking lowering of car- 
cass potassium may occur (6). The production of 
potassium nephropathy by a marked deficiency of 
this ion has been shown by Oliver and co-workers 
(11). In order to avoid this complicating renal 
lesion, supplementary potassium was furnished the 
experimental rats. Subsequent analyses of muscle 
in eight hypertensive animals revealed a mean 
potassium concentration of 48.3 (S.D., 1.7) mEq. 
per 100 Gm. of fat-free dry solids, whereas the 
mean concentration in four controls was 49.7 
(S.D., 1.5) mEq. per 100 Gm. Muscle potassium 
was thus not significantly different in the two 
groups (p > 0.5). 

The behavior of the organism used in Study B 
is somewhat puzzling when compared with the re- 
sults obtained by Guze and Beeson (2). These 
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investigators used a strain of FE. coli which did not 
infect normal kidneys yet which was consistently 
found in low numbers in these kidneys for periods 
of up to seven days. Study B, however, reveals 
that of the nine control animals sacrificed at five 
days or less, six had sterile kidneys while two 
were infected. The explanation of this variance is 
not apparent but this model differs from that used 
by the above investigators in three respects: The 
organism was “passed” through a rat only once 
after recovery from a patient with pyelonephritis, 
whereas theirs was “passed” 13 times; the inocu- 
lum size used in most animals was one-half or 
less that used by them which resulted in the ar- 
rest of fewer bacteria by the kidney; and, finally, 
the rats used in this study had a single kidney. 
These data support the interpretation that 
DCA-saline induced hypertension renders rats 


more susceptible to hematogenous renal infection. 
This type of experimental hypertension is char- 
acterized by diffuse arteriolarsclerosis, most evi- 
dent in the kidney, but, in addition, results in a 
tubular abnormality characterized by dilatation of 
lumina which are filled with homogenous material. 
The factor or factors causing increased suscepti- 
bility are not apparent from this study. 


SUMMARY AND CONCLUSIONS 


Rats with DCA-saline induced hypertension 
have been shown to exhibit increased susceptibility 
to experimental pyelonephritis. 

The data may support the hypothesis that vari- 
ous injuries, including nephrosclerosis, predispose 
to human pyelonephritis and that pyelonephritis 
is superimposed on hypertensive disease more fre- 
quently than is usually suspected. 
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TABLE II 


Study B—Colony counts and descriptions of kidneys of hypertensive and control ~nimals at 
intervals after injection of E. coli 





Kidney of 





Kidney of 





Time 
interval hypertensive Description* control Description* 
Hours 
13 > 30,000,000 0 > 30,000,000 0 
20 79,000 0 0 0 
Days 

5 > 20,000,000 4-4-4- 0 0 
2 > 30,000,000 a fs ja > 30,000,000 5 ibs 
3 121,000 + 0 0 
5 > 10,000,000 + 0 0 
6T 0 0 0 0 
6 > 100,000,000 a= 4- 0 0 
6 0 0 0 0 
6 > 20,000,000 ++ > 5,000,000 +++ 
6 0 0 0 0 
6 > 100,000,000 + 80 0 
6 40 + 10 0 
6 30 0 670 0 
2 > 100,000,000 +++ 0 0 
7 312,000 + 0 0 
7 3,500,000 +++ 0 0 
2 > 100,000,000 ++ 5 0 
5 > 20,000,000 a 0 0 
6 > 10,000,000 +++ 0 0 
6 > 10,000,000 +++ 0 0 








*0, no cellular infiltrate; +, cellular infiltrate; ++, microscopic abscesses; +++, macroscopic abscesses. 
¢ Inoculum reduced from 100 to 75 million organisms. 
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The first insight into the control of respiratory 
function was provided by Haldane and Priestley 
(1) who concluded that alveolar pCO,, acting ul- 
timately on the respiratory center, was the ruling 
factor. The same mechanism was thought to be 
responsible for the hyperpnea of light exercise 
but, as pointed out by Douglas and Haldane (2) 
and by Douglas (3), other factors may come into 
play during heavy exercise. Since the work of the 
Haldane school, the CO, control theory has been 
challenged and other factors, both nervous and 
humoral, have been suggested (4-6). 

Among the nervous stimuli that have been con- 
sidered are direct cortical stimulation (7), re- 
flexes from exercising limbs (8, 9), and reflexes 
from the great veins and right atrium (10). Se- 
rious objections to each of these possibilities have 
been raised (4, 11, 12). 

Humoral factors that have been considered in- 
clude arterial and venous pCO,, pH, pO., and 
accumulation of anaerobic metabolites. Investiga- 
tions by Bannister, Cunningham and Douglas 
(13), using alveolar CO, determinations, lend 
support to the earlier views of Haldane; other in- 
vestigators (14, 15) have found either no change 
or a slight decrease in arterial pCO, during exer- 
cise. Bannister and Cunningham (16) have also 
recently postulated decreased arterial pO, as a 
respiratory stimulant during heavy exercise but 
obtained no data to support the view. A decrease 
in arterial pH during exercise has been found by 
many investigators (14, 17, 18), but the phenome- 
non has never been shown to be causally related to 
the hyperpnea of exercise. Somewhat along the 
same lines, the possibility that unidentified metabo- 
lites might be so related was suggested by Hen- 


1This work was supported by grants from the United 
States Public Health Service [H-2113 (C)], and the 
Dallas Heart Association. 

2 Postdoctorate Research Fellow, National Heart In- 
stitute. 


derson (19) and was also considered by Asmus- 
sen and Nielsen (20). 

The following study was designed to examine 
some of these suggestions, particularly those that 
are concerned with changes in oxygen and CO, 
tension and with pH alterations in arterial and 
venous blood. 


METHODS 


The subjects were normal men, aged 20 to 43 years. 
All were leading active lives but none were trained 
athletes. Respiratory data, including maximal oxygen 
intake, were obtained on 59 men. Blood gas studies, in- 
cluding brachial arterial and peripheral venous samples, 
were added in 24 subjects, several of whom were stud- 
ied more than once. Blood samples from all sites, how- 
ever, were not always obtained on all subjects. Blood 
from the internal jugular vein was collected, in addition 
to the other samples, in 4 subjects. In the accompanying 
Tables I through V, means and standard deviations are 
followed by the number (in parentheses) of observations 
on which the data are based. In most instances, the 
number of observations corresponds to the number of 
subjects. 

Exercise was performed on a motor-driven treadmill 
in an air-conditioned room at a temperature between 23 
and 26° C. Maximal oxygen intake was first deter- 
mined by a previously published method (21). In stud- 
ies done some days later, PE 90 (I.D., 0.034 inch) 
catheters were placed in the left brachial artery and 
vein, and in the femoral vein. The catheters were at- 
tached to three-way stopcocks and were kept filled with 
normal saline solution containing a small amount of 
heparin. Blood from the internal jugular vein was col- 
lected through a cardiac catheter, the tip of which was 
in the jugular bulb. In order to permit collection of 
blood samples during exercise from catheters inserted 
into the left arm, the subject’s left hand gripped a cross- 
bar, placed in front of him and at the level of the lower 
thorax, throughout the studies. The right arm was al- 
lowed to swing normally. The catheter in the femoral 
vein was long enough to permit the stopcock attached to 
it to be held steady for sampling, regardless of the mo- 
tion of the thigh. 

Resting studies were carried out with the subject stand- 
ing in place on the treadmill. He was connected to an 
Otis-McKerrow two-way breathing valve by means of a 
rubber mouthpiece and his nose was closed with a nasal 


1693 








1694 JERE H. MITCHELL, BRIAN J. SPROULE, AND CARLETON B. CHAPMAN 
























clamp. Expired air was collected in a Douglas bag. Oxygen and carbon dioxide contents were determined 
Gas analysis was immediately carried out, using a Beck- by the Van Slyke and Neill method and per cent satura- 
man E-2 magnetic oxygen analyzer and a Liston-Becker tion was calculated from the oxygen content and oxy- 
infrared carbon dioxide analyzer. The volume of ex- gen capacity. The pH determinations were performed 
pired air was measured in a Tissot gasometer and cor- at 37.5° C. using a Cambridge research model pH 
rected to BTPS. The respiratory rate was determined meter. Plasma carbon dioxide content was determined 
by means of a strain-gage assembly attached to the re- from whole blood carbon dioxide content; pH and he- 
spiratory valve and mean tidal volume was calculated m™atocrit by the nomogram of Van Slyke and Sendroy 
Oxygen (24). Carbon dioxide tension was calculated, by use of 
the Henderson-Hasselbalch equation, from pH and CO, 
content of plasma at 37.5° C.: 


by dividing expired volume by respiratory rate. 
intake was determined with the aid of a nomogram (22). 
Blood samples were collected anaerobically in hepari- 
nized syringes from all sites simultaneously. CO, content 


( 
Oxygen tension was determined polarographically (23). pCO: = S[10(pH — pK’) +1)’ 





TABLE I 


Ventilatory volume, oxygen intake and respiratory quotient at rest and at exercise loads leading to maximal oxygen intake * 


a —— —— . ee a ‘ 





——— — os 











Rest Exercise I Exercise II Exercise III 

Ventilation, 

L./min. (BTPS) 10.15 + 2.07 (40)* 73.50 + 10.43 (54) 83.38 + 11.98 (39) 94.72 + 15.94 (32) 
Respiratory rate/min. 17+5 (28) 3149 (42) 35+10 (31) 38 +10 (25) 
Tidal volume, 

Liters (BTPS) 0.63 + 0.21 (28) 2.50 + 0.67 (42) 2.54 + 0.64 (30) 2.59 + 0.57 (24) 
Oxygen intake, 

L./min. (STPD) 0.35 + 0.06 (40) 2.81 + 0.39 (54) 3.09 + 0.42 (39) 3.27 + 0.50 (32) ) 
Oxygen intake, 

ml./Kg./min. (STPD) 48+ 0.8 (40) 38.745.2 (54) 4244+5.8 (39) 44.84 5.7 (32) 


Respiratory quotient 0.74 + 0.08 (40) 1.05 + 0.10 (54) 0.97 + 0.09 (39) 0.94 + 0.09 (32) 


Recetas Sa eee gS ee ee a 





* Figures in parentheses refer to number of observations in each category. 


TABLE II 


Blood gas and pH measurements at rest and at exercise loads leading to maximal oxygen intake in normal subjects * 
aS eRe = 


Site Rest Exercise I Exercise II Exercise III 




















Brachial pO2 (mm. Hg) 85 +13 (32) 86+ 14 (34) 89 +12 (26) 91413 (17) 
artery Oz Sat. (% 94.9+ 2.6 (33) 93.3 45.2 (31) 94.2 + 3.5 (22) 94.1 42.2 (14) 
pCO: (mm. Hg) 39+4 (26) 40+6 (23) 3846 (16) 36 +6 (10) 
Plasma CO, (mEq./L.) 24.0 + 1.4 (27) 20.4 + 2.1 (25) 16.3 +2.8 (16) 14.1 + 3.0 (10) 
pH 7.39 + 0.04 (36) 7.28 + 0.05 (32) 7.23 + 0.08 (24) 7.19 + 0.08 (16) 
Brachial pOz (mm. Hg) 2948 (22) 2448 (18) 29+ 6 (9) 25+ 5 (9) 
vein Oz Sat. (%) 55.0 + 15.0 (25) 25.0 +9.8 (19) 22.14 6.1 (10) 25.0 + 6.4 (10) 
pCO (mm. Hg) 45+5 (20) 7i+13 (15) 64+9 (6) 63 +9 (8) 
Plasma CO: (mEq./L.) 26.14 2.2 (20) 26.9 + 2.2 (15) 25.5414 (6) 23.841.5 (8) 
pH 7.36 + 0.04 (25) 7.21 + 0.12 (22) 7.19 + 0.07 (13) 7.14 + 0.06 (11) 
Femoral pOs (mm. Hg) 26+410 (25) 2549 (24) 2725 (12) 3047 = (il) 
vein O» Sat. (%) 40.2 + 14.4 (27) 24.6 + 6.6 (27) 24.1 46.2 (13) 20.9 + 8.0 (12) 1 
pCOz (mm. Hg) 47+6 (24) 83411 (21) 70 + 8 (7) 7447 ~~ (10) 
Plasma CO: (mEq./L.) 26.9 + 2.3 (24) 27.6 +2.2 (20) 25.342.2 (7) 244419 (9) 
pH 7.35 + 0.05 (29) 7.13 + 0.08 (28) 7.13 + 0.06 (14) 7.11 + 0.05 (13) 
Internal pO2 (mm. Hg) 28+ 8 (4) 30 +7 (4) 
jugular Oz Sat. (%) 58.3 + 8.3 (4) 60.3 + 3.8 (4) 
vein pCOz (mm. Hg) 58 + 3 (4) 5244 (4) 
Plasma CO, (mEq./L.) 26.8+41.1 (4) 24.242.1 (4) 
pH 7.25 + 0.02 (4) 7.26 + 0.04 (4) t 





* Figures in parentheses refer to number of observations in each category. 
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ied TABLE III 
id Ventilatory volume, oxygen intake and respiratory quotient during heavy exercise and recovery * 
xy- 
re Exercise Recovery I* Recovery II Recovery III 
D 
red Ventilation, 
he- L./min. (BTPS) 73.50 + 10.43 (54)T 46.46 + 8.07 (12) 27.93 + 6.69 (12) 18.28 + 4.74 (9) 
roy 
of Respiratory rate/min. 31+9 (42) 26+6 (10) 2345 (10) 21+7 (7) 
(0, Tidal volume, 
Liters (BTPS) 2.50 + 0.67 (42) 1.85 + 0.46 (10) 1.33 + 0.42 (10) 0.95 + 0.19 (7) 
Oxygen intake, 
L./min. (STPD) 2.81 + 0:39 (54) 1.08 + 0.19 (11) 0.59 + 0.13 (11) 0.45 + 0.03 (9) 
Oxygen intake, 
»* ml./Kg./min. (STPD) 38.7 45.2 (54) 14.6+2.4 (11) 8.0+0.8 (11) 6.2+0.7 (9) 
= Respiratory quotient 1.05 + 0.10 (54) 1.37 + 0.09 (11) 1.16 + 0.15 (11) 0.85 + 0.10 (9) 
Ta * The first recovery period is 1 to 2 minutes after cessation of exercise, the second is 4 to 5 minutes, and the third 9 to 
10 minutes after cessation. 
32) + Figures in parentheses refer to number of observations in each category. 
25) TABLE IV 
24) Blood gas and pH measurements during heavy exercise and during recovery * 
Exercise Recovery I Recovery II Recovery III 
32 ; 
) Brachial pO2 (mm. Hg) 86+ 14 (34) 87 +9 (6) 90+13 (6) 82+10 (5) 
artery Oz Sat. (%) 93.3 +5.2 (31) 91.8+45.7 (8) 90.6+6.0 (8) 92.7443 (7) 
32) pCO (mm. Hg) 40+6 (23) 36 + 6 (8) 33 +8 (8) 3247 (7) 
: Plasma CO, (mEq./L.) 20.4 + 2.1 (25) 15.0+24 (8) 13.5+43.7 (8) 14.3+3.6 (7) 
32) pH 7.28 + 0.05 (32) 7.20 + 0.03 (8) 7.19 + 0.06 (8) 7.23 + 0.07 (7) 
mic Brachial pOz (mm. Hg) 2448 (18) 26+7 (9) 3247 (11) 34415 (7) 
vein Oz Sat. (%) 25.0 + 9.8 (19) 39.8 + 14.5 (9) 49.0 + 15.7 (10) 48.349.1 (7) 
pCO: (mm. Hg) 7i+13 (15) 75416 (9) 62422 (10) 5i1+10 (7) 
Plasma CO», (mEq./L.) 26.9 + 2.2 (15) 23.0+2.0 (9) 20.2 + 3.5 (10) 184+3.4 (7) 
pH 7.21 + 0.12 (22) 7.06 + 0.12 (10) 7.11 + 0.13 (11) 7.15 + 0.14 (8) 
=a Femoral pOz (mm. Hg) 2549 (24) 3448 (13) 38 +12 (13) 32412 (11) 
| vein Oz Sat. (%) 24.6 + 6.6 (27) 47.0 + 12.3 (12) 55.9 + 11.7 (13) 48.8 + 11.5 (11) 
1 pCO» (mm. Hg) 83411 (21) 82413 (12) 56411 (13) 5349 (11) 
17) Plasma CO» (mEq./L.) 27.6 + 2.2 (20) 22.342.8 (12) 17.6 + 3.6 (13) 18.1+ 3.9 (11) 
14) pH 7.13 + 0.08 (28) 7.01 + 0.09 (13) 7.07 + 0.09 (13) 7.11 + 0.09 (11) 
10} Internal pOz (mm. Hg) 30 +7 (4) 29+ 6 (4) 29+ 9 (3) 27411 (4) 
16) jugular Oz Sat. (%) 60.3 + 3.8 (4) 55.2+46.5 (4) 40.8 + 10.8 (3) 41.3 + 20.0 (4) 
vein pCOz (mm. Hg) 5244 (4) $3 + 3 (4) 57 +1 (3) 53 +4 (4) 
Plasma CO: (mEq./L.) 24.242.1 (4) 214418 (4) 20.9414 (3) 21.741.5 (4) 
(9) 
10) pH 7.26 + 0.04 (4) 7.19 + 0.01. (4) 7.17 + 0.06 (4) 7.19 + 0.02 (4) 
(8) 
(8) * The stages of recovery are the same as in Table III. 
(11) + Figures in parentheses refer to number of observations in each category. 
(11) 

(12) where each load. Exercise loads were augmented either by in- 
(10) S ili ° creasing th d or b ising the grade of the tread- 
(9) = solubility factor at 37.5°, easing the speed or by raising g of the trea 
(13) = 0.0304 (25), and mill (or by doing both). The three grades included 
pK’ = factor determined for each value of pH from a - which had emer Aopen re + ja 

nomogram (26) ; gen intake. The subjects were exercised for 2.5 min- 
i utes at each workload. During the first 1.5 minutes the 
After the resting determinations were complete, one of | Douglas bag was flushed with the subject’s expired air. 


two experimental plans was followed. In the first pro- During the last minute of the exercise period, expired air 
Se cedure, the subjects were exercised at three increasing was collected and blood samples were drawn from all 
workloads with a 10 to 15 minute rest period between three sites. After completion of the run, the patient 
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TABLE V 


Ventilatory volume, oxygen intake, cardiac output and “‘central’”’ blood volume at rest and during three levels of 


exercise leading to that producing maximal oxygen intake * 








Rest Exercise I 


Exercise II Exercise III 





Ventilation, 


L./min. (BTPS) 10.27 + 1.19 (11)* 


Respiratory rate/ 
min. 18+ 5 (9) 


“Central’’ blood volume, 
Liters 1.65 + 0.21 (15) 


Cardiac output, 


L./min. 5540.9 (15) 


Pulse rate/min. 8&8+16 (14) 


O, intake, 
L./min. (STPD) 0.33 + 0.05 (11) 


rested for 10 to 15 minutes and the study was repeated 
two more times at higher workloads. 

In the second study, carried out at a later date, rest- 
ing determinations were made and the subjects were ex- 
ercised for 2.5 minutes at a workload near that produc- 
ing maximal oxygen intake. Again, the gas and blood 
collections were carried out during the last minute of the 
run. After completion of the run, the subject remained 
standing on the treadmill and recovery studies were per- 
formed. Expired air and blood samples from the vari- 
ous sites were collected 1 to 2 minutes, 4 to 5 minutes 
and 9 to 10 minutes after stopping the treadmill. 

In 16 subjects, so-called central blood volume, cardiac 
output, pulse rate, ventilation, respiratory rate and oxy- 
gen intake were studied at rest and at three increasing 
levels of work. For measurement of central blood volume 
and cardiac output, 10 mg. of Evans blue dye (T-1824) 
was delivered at the end of the catheter in the brachial 
vein of the stationary arm 1.5 minutes after the begin- 
ning of exercise. Arterial blood samples were collected 
from the brachial artery of the same arm at one sec- 
ond intervals using an electrically operated collector or 
a manual collection device. The dye content of the blood 
was determined spectrophotometrically. Central blood 
volume and cardiac output were calculated from the dye 
dilution curves by the method of Hamilton, Moore, 
Kinsman and Spurling (27). Expired air was collected 
simultaneously. Pulse rate was measured electrocardio- 
graphically by means of a bipolar precordial lead using 
needle electrodes at V, and V; positions, the left hand 
being grounded. 


RESULTS 


The mean values for ventilation (BTPS), re- 
spiratory rate, mean tidal volume (BTPS), oxy- 
gen intake (STPD) and respiratory quotient at 


72.64 + 8.15 (16) 


3045 (16) 


3.09 + 0.63 (15) 


21.4+5.4 (15) 
1799+9 (15) 


2.80 + 0.25 (16) 


84.94 + 12.82 (16) 94.91 + 15.55 (14) 


3447 (16) 37 +7 (14) 
3.15 + 0.63 (15) 3.52 + 0.71 (14) 


21.6443 (15) 
188 +9 (15) 


23.3460 (14) 
190+9 (10) 


3.12 + 0.34 (16) 3.26 + 0.43 (14) 





* Figures in parentheses refer to number of observations in each category. 


rest and during three increasing levels of heavy 
exercise are shown in Table I (first experimental 
plan). In Table II, the corresponding changes in 
arterial and venous blood gases and pH are set out. 

The values obtained in the second experimental 
plan (work and recovery) are shown in Tables 
III and IV. It will be noted that the exercise data 
for all subjects at the first level of exercise (near 
maximal oxygen intake) were utilized in both ex- 
perimental plans. 

In Table V, the mean “central” blood volume, 
cardiac output and pulse rate at rest and during 
three subsequent increased workloads with cor- 
responding values for ventilation and respiratory 
rate are given. 


DISCUSSION 


These data, and those published previously by 
our group (21), show clearly that arterial pO, 
does not decline during heavy exercise. In actual 
fact, there seems to be a slight increase in mean 
values for arterial pO, as exercise loads are made 
progressively heavier (Table II), and little fur- 
ther change occurs during recovery (Table IV). 
The discrepancy between these results and those 
of Lilienthal, Riley, Proemme! and Franke (28) 
may be attributable to differences in methods or 
to the level of exercise used. 

In Table II, a slight drop in arterial oxygen 
saturation during heavy exercise is seen, a result 
similar to that reported by Hickam, Pryor, Page 
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and Atwell (14), and by Asmussen and Nielsen 
(29). A further decline occurs during the first 
few minutes of recovery (Table IV). The ex- 
planation for the divergent behavior of arterial 
oxygen saturation, as compared with arterial pO., 
has to do in part with changes in arterial pH as 
shown previously (21). 

The behavior of venous pO, during progressive 
exercise loads is also shown in Table II. The dif- 
ferences noted in brachial, femoral and internal 
jugular venous pO, are not significantly different 
statistically. Whether or not internal jugular ve- 
nous pO, can be taken to represent tissue pO, in 






0) Zz 


the respiratory center is doubtful (30) but there 
is no reason to suppose that exercise produces hy- 
poxia in the respiratory center cells, especially 
since arterial pO, is normal or even elevated dur- 
ing heavy exercise. During recovery, the brachial 
and femoral venous pO, both appear to increase 
(Table IV) but internal jugular venous pO, re- 
mains relatively constant. 

The original Haldane view on the chemical 
control of respiration, which by inference invokes 
changes in arterial pCO, during exercise, receives 
no support (insofar as heavy exercise is con- 
cerned) from the present data (Table II and Fig- 
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ure 1) or from the work of Asmussen and Nielsen 
(29). The study by Filley, Gregoire and Wright 
(15), who employed the Riley microbubble method, 
also fails to demonstrate increase in arterial pCO, 
during exercise. The marked increase in ventila- 
tion that occurs with heavy exercise cannot, 
therefore, be due to increased arterial pCO,. The 
present study, however, does not rule out the pos- 
sibility of a change in the CO, sensitivity of the 
respiratory center, but the report by Hickam and 
co-workers (14) is opposed to it. After the ces- 
sation of exercise, arterial pCO, decreases below 
the resting value at a time when ventilation is still 
increased (Table IV and Figure 2). 

Brachial and femoral venous pCO, rise markedly 
during heavy exercise (Table II and Figure 1), 
the values nearly doubling at the first exercise 
load and falling slightly as loads are further in- 
creased. The resting value for internal jugular 
venous pCO,, with the subject standing, is con- 
siderably higher than that in the two other sys- 
temic veins. The actual mean values were 58 
compared to 45 and 47 mm. Hg for the brachial 
and femoral venous values. During a single 
heavy exercise load, internal jugular venous pCO, 
was stationary, or fell slightly, instead of rising 
markedly as it did in the other venous samples. 
The absence of significant change in jugular ve- 
nous pCO, during heavy exercise is hardly in keep- 
ing with the idea that tissue CO, tension in the 


respiratory center rises during exercise unless 
changes in cerebral blood flow, or other factors, 
render jugular venous pCO, invalid as a guide to 
CO, tension in the respiratory center itself. Dur- 
ing recovery from heavy exercise, brachial and 
femoral venous pCO, fell markedly, roughly paral- 
leling the decline in ventilation (Table IV and 
Figure 2). There was no significant change in 
the values for internal jugular venous pCO, dur- 
ing this period. 

It is well established that arterial pH decreases 
during heavy exercise and that the pH changes are 
more marked after the cessation of exercise (17, 
18). In this study, arterial pH declined, and 
ventilation increased, during the performance of 
three exercise loads of increasing severity. During 
these periods of exercise, an inverse relation be- 
tween arterial pH and ventilation seemed to exist 
(Table II and Figure 3). The relation is prob- 
ably not, by itself, a causal one, since during re- 
covery from exercise it breaks down completely 
(Table IV and Figure 4). Shortly after the ces- 
sation of exercise, arterial pH declined still fur- 
ther and remained quite low for 9 to 10 minutes. 
Ventilation, however, declined strikingly and 
steadily after work was stopped. 

Brachial and femoral venous pH changes were 
more marked during three progressive exercise 
loads than corresponding changes in arterial blood 
(Table II and Figure 3), the main drop occurring 
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between the resting value and the first exercise 
load. The pH changes on the venous side were 
presumably due to the combined effect of increased 
anaerobic metabolites and increased pCO,. In- 
ternal jugular venous pH at rest, with the patient 
standing, was lower than brachial or femoral, 
the mean value being 7.25 compared to 7.36 and 
7.35, respectively. Internal jugular venous pH 
did not decrease during an initial exercise load 
but was not measured during progressive exercise 
loads. During recovery from heavy exercise, 
brachial and femoral venous pH continued to de- 
cline for a few minutes, then began to rise slowly 
(Table IV and Figure 4). As in the case of ar- 
terial pH, the continued fall in brachial and fe- 
moral venous pH after cessation of exercise when 
ventilation was rapidly returning to normal is op- 
posed to the possibility of an inverse relation be- 
tween these two variables. Internal jugular ve- 
nous pH decreased only slightly after the cessation 
of exercise. 

“Central” blood volume, as calculated from dye 
dilution curves by the Hamilton method, was 
found to increase more or less in a parallel fashion 
with ventilation as exercise loads of increasing 
severity were performed. Further evidence on 
this point was provided by Nowy, Kikodse and 
Zoellner (31) who, using the same method, also 
found a slight increase in “central’’ blood volume 
in some subjects during light exercise. Whether 
or not augmentation of “central” blood volume 
causes increase in ventilation by stimulation of 
stretch receptors has not been clearly answered. 
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Harrison, Harrison, Calhoun and Marsh (10) 
have postulated the existence of such receptors, 
and Yeomans, Porter and Swank (32) produced 
hyperpnea by means of rapid intravenous infusions. 
Mills (33) produced hyperpnea by suddenly re- 
leasing blood which had been trapped in veins of 
the legs and suggested that the effect was due to 
the stimulation of stretch receptors located at the 
pulmonary capillary level. Asmussen and Nielsen 
(20) produced more marked increases in ventila- 
tion by the release of blood trapped in the legs 
during exercise but thought the phenomenon to be 
due to a chemical agent rather than to a volume 
change. All this work, and the data reported 
above, are in keeping with the possibility that in- 
creased central blood volume, estimated by the di- 
lution technique, may produce an increase in ven- 
tilation. The question, however, is far from 
settled. The reliability of the dilution method for 
estimating central blood volume, especially when 
cardiac output is high, is open to question. The 
main difficulty has to do with errors in extrapola- 
tion of dilution curves. This error, as pointed 
out by Rapaport, Kuida, Haynes and Dexter (34), 
affects calculation of central blood volume rela- 
tively more than cardiac output. It is also prob- 
able that the repeatability of the method declines 
at high output levels. The data presented, how- 
ever, establish a directional change, indicating an 
increase in some aspect of central blood volume as 
ventilation and cardiac output rise. 

It seems impossible, therefore, to attribute the 
hyperpnea of exercise to change of pCO., pH, or 
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pO, in the arterial blood. On the venous side, 
brachial and femoral pCO, roughly parallel 
changes in ventilation during exercise and re- 
covery but tend to fall off as exercise loads of in- 
creasing severity are performed. Also, in the 
recovery period, one to two minutes after exercise, 
these values remain elevated when ventilation is 
decreasing. The absence of significant change in 
jugular venous pCO, is opposed to the idea that 
tissue CO, tension in the respiratory center rises 
during exercise if it be accepted that jugular ve- 
nous pCO, reflects that in the respiratory center 
itself. The behavior of pCO, at the various venous 
sites, including the internal jugular, does not rule 
out the possibility that pCO, of mixed venous 
blood parallels, and indeed in part determines, 
changes in ventilation brought about by heavy 
exercise. Such a cause and effect relationship 
would require the presence of CO, receptors in 
the lungs or right heart, a possibility that has been 
suggested by Pi Sufier (35) but which was not 
tested in the present study. This possibility, and 
that having to do with change in “central” blood 
volume, seem to constitute the most fruitful areas 
for future studies. 


CONCLUSIONS 


Arterial pO, does not decline significantly dur- 
ing heavy exercise and cannot, therefore, be re- 


sponsible for the hyperpnea. Neither is there a 
significant increase in arterial pCO,. Changes in 
arterial pH do not bear a predictable relation to 
changes in ventilation during exercise and re- 
covery. Of the remaining possibilities, changes 
in mixed venous pCO, and in “central” blood 
volume may be factors involved in the production 
of hyperpnea during heavy muscular exercise but 
cannot yet be designated with assurance as the 
cause or causes of the phenomenon. 
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THE EFFECT OF HYPERCALCEMIA INDUCED BY CALCIFEROL 
UPON RENAL CONCENTRATING ABILITY ? 
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(From the Departments of Internal Medicine and Pathology, Yale University School of Medicine, 
New Haven, Conn.) 
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Polyuria and loss of renal concentrating ability 
have frequently been observed in patients with hy- 
percalcemia (1-8). It has not been clear whether 
the capacity of the kidneys to concentrate urine is 
selectively impaired by hypercalcemia or whether 
it is depressed together with many other renal 
functions as a result of substantial injury to and 
encroachment upon active renal parenchyma (9). 
In the present experiments the effects of hyper- 
calcemia on renal function and morphology were 
studied in rats given large doses of calciferol (vi- 
tamin D,) for several days. The results suggest 
that hypercalcemia and renal damage produced in 
this manner specifically impair renal concentrating 
ability. This functional defect is associated with 
alterations in the structure of the collecting tubules 
of the renal medulla. 


METHODS 


Eighteen male albino rats of the Sprague-Dawley strain, 
weighing about 300 Gm., were maintained on a measured 
diet of Purina Lab Chow and allowed to drink tap water 
ad libitum. Following initial determinations of blood 
urea nitrogen, urea clearance, phenolsulfonphthalein 
(PSP) excretion and maximum urinary osmolality, 200,- 
000 units or 400,000 units of vitamin D, in peanut oil was 
injected subcutaneously daily for four days. At the end 
of this time, the same tests were repeated. The animals 
were then sacrificed by exsanguination from the abdomi- 
nal aorta during pentobarbital anesthesia and the kidneys 
removed for morphologic examination. Eight rats served 
as controls, receiving only peanut oil for four days, with 
food intake limited to that taken by matched animals 
receiving vitamin D.. 

For the measurement of urea clearance, 0.2 to 0.3 ml. 
of heparinized blood was obtained from the tail. Rats 


1 Aided by grants from the American Heart Associa- 
tion; the National Heart Institute, United States Public 
Health Service; and a contract (MD-116) with the 
Office of the Surgeon General, Department of the Army. 

2 During the tenure of an Established Investigatorship 
of the American Heart Association. 

3 Kellogg Foundation Fellow. 

* Fellow of the Life Insurance Medical Research Fund. 


were then stimulated to empty their bladders by making 
them sniff ether and placed in individual metabolism 
cages without food or water for 12 hours, when micturi- 
tion was again stimulated and the urine collected. Urea 
was measured in blood and urine by the method of Con- 
way (10). Following 12 hours of dehydration, 50 mU of 
vasopressin in oil 5 was injected subcutaneously and urine 
collected under oil for another 12 hours for the determi- 
nation of maximum urinary osmolality (Umax). The 
osmolal concentration of this urine was measured cryos- 
copically using a Fiske osmometer after diluting 0.5 ml. 
of urine to 2.0 ml. with distilled water. 

To measure phenol red (PSP) excretion, 0.03 mg. of 
commercial PSP dye was injected subcutaneously. Rats 
were then placed in individual metabolism cages with 
free access to drinking water and stimulated to void after 
two hours. Funnels and screens were rinsed with distilled 
water and the total volume brought to 25 ml. This was 
made alkaline with a few drops of concentrated NaOH, 
filtered and read at 540 mu in a Coleman Jr. spectropho- 
tometer. 

Serum calcium was measured, after oxalate precipita- 
tion, by permanganate titration (11), or flame photometry 
using a Coleman Flame photometer with a special filter.® 


RESULTS (TABLE I) 


Renal function 


During the four days when calciferol was ad- 
ministered, rats characteristically reduced their 
intake of food and lost considerable weight (aver- 


age, 36 Gm.). At the conclusion of this period, 
the serum calcium had risen to hypercalcemic levels 
(average, 12.9 mg. per 100 ml.), which were some- 
what higher in those animals getting 400,000 units 
per day than in those receiving half that dose. 
Maximum urinary osmolality after vasopressin 
was strikingly diminished in every animal (from 
an average of 2,630 mOsm. per Kg. to 1,625 mOsm. 
per Kg.). The decrease in Umax could not be at- 
tributed to a solute diuresis, since the quantity of 


5 Kindly supplied as Pitressin® Tannate in Oil by 
Parke-Davis. 

6 “Ca III filter,” supplied by Baird Associates, Danvers, 
Mass. 
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THREE TUBULES IN THE OuTER MEDULLA WITH NECROSIS OF THE EPITHELIAL CELLS AND AN 


INFILTRATE OF MONONUCLEAR CELLS IN THE INTERTUBULAR SPACE 


Rat 9, hematoxylin and eosin stain, 400 X. 


solute excreted by hypercalcemic rats while under 
the influence of vasopressin was not greater than 
that excreted by the same animals before they re- 
ceived calciferol. Blood urea nitrogen rose in only 
5 of 18 rats. In two-thirds of the animals the urea 
clearance was unchanged, rose, or fell less than 
15 per cent. The average excretion of phenol red 
was 67 per cent in two hours prior to the injection 
of vitamin D, and 62 per cent after treatment ; only 
7 of the 18 rats had decreases which exceeded 10 
per cent of the injected dose of PSP. 

Serum potassium, sodium and chloride were 
normal in 10 hypercalcemic rats in which they 
were measured. 

In four rats given 400,000 units of calciferol 
daily for four days, the intake of potassium was in- 
creased by substituting a 1 per cent solution of 
KCI for drinking water. Results in these animals 
were entirely simliar to those obtained without po- 
tassium supplementation. 

Eight pair-fed control animals received daily 
injections of peanut oil for four days. Weight loss 
in this group was comparable to that sustained by 


the most anorectic rats receiving vitamin D.,. 
Maximum urinary osmolality of these animals did 
not change or rose slightly. Blood urea nitrogen 
(BUN), urea clearance and PSP excretion were 
likewise not appreciably affected by dietary re- 
striction and control injections of peanut oil. 


Renal morphology 


Anatomical changes in rats receiving calciferol 
were classified as minimal (1 +), moderate (2 +) 
or severe (3 +), depending upon the number and 
extent of the lesions. Changes were chiefly lo- 
calized to the collecting ducts in the medulla. 
Even in the most severe (3 +) lesions, not more 
than 10 per cent of nephrons were involved. In 
those graded as 1+ only a rare tubule showed 
morphological changes. In one instance (Animal 
No. 1, Table I) no specific changes were detected 
in the kidney, even though hypercalcemia and im- 
paired renal concentrating ability existed. Most 
kidneys showed minimal lesions which were focal, 
involving only a short segment of the collecting 
tubule. The essential alterations were necrosis 
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Fic. 2. Focat PROLIFERATION OF EPITHELIAL CELLS IN A SEGMENT OF COLLECTING TUBULE IN THE OUTER 
MEDULLA PropUCING COMPLETE OBSTRUCTION OF THE LUMEN 


The intercalated cells (arrows) have small pyknotic nuclei and dark cytoplasm with pointed projec- 
tions. A mitosis can be seen to the right near the luminal center. The dark, irregular masses among 
the regenerating cells stained positively for calcium. Rat 4, hematoxylin and eosin stain, 400 x. 


of tubular epithelial cells and proliferation by 
young regenerating cells (Figures 1 through 3). 
Some epithelial cells were calcified (Figure 4) 
and frequently irregular masses of calcium, de- 
monstrable by special staining, were present among 
the clusters of degenerating and necrotic tubular 
cells (Figure 2). These casts contained minute 
amounts of iron and were periodic-acid-Schiff 
(PAS) positive, as in the report of Eisenstein and 
Groff (12). Occasionally, short segments of 
basement membrane were calcified and where the 
epithelial alterations were most intense dissolution 
of the basement membrane could be demonstrated 
by special staining methods (Figure 3). The pro- 
liferative response associated with this injury in- 
volved both the tubular epithelial cells and the 
connective tissue of the intertubular stroma (Fig- 
ure 3) which at times produced a_ localized 
“granuloma” incorporating several tubules. On 
microdissection, it was extremely difficult to sepa- 


rate the tubular segments caught in these masses 
of granulation tissue. However, only segments of 
the collecting tubules in the outer medulla were 
obstructed by this interstitial granulation tissue, 
since tubular dilatation was restricted to proximal 
segments of the collecting system which in some 
instances extended to distal convolutions and 
terminal portions of the ascending limb of Henle’s 
loop. In kidneys with minimal lesions, microdis- 
section revealed no morphological alterations in 
segments of the nephron proximal to the collecting 
system except for occasional ascending limbs of 
Henle’s loop and distal convolutions which had 
an increased number of intracellular lipoid drop- 
lets as compared to control animals when stained 
with flaming red. 

In some instances the proliferative response in 
the tubules was so intense that masses of cells ex- 
tended into the lumens as polypoid buds and fre- 
quently the tubules were completely occluded by 
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Fic. 3. CoLLectiInG TUBULE IN OUTER MEDULLA SHOWING FocaL EPITHELIAL NECROSIS AND REGEN- 
ERATIVE PROLIFERATION WITH DISSOLUTION OF THE BASEMENT MEMBRANE AND GROWTH OF GRANULATION 
TISSUE IN THE INTERSTITIAL STROMA 
Rat 15, periodic-acid-Schiff, 400 x. 
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Fic. 4. Focat CALciFIcATION OF SEVERAL EPITHELIAL CELLS AND THE SUBJACENT BASEMENT MeEmM- 
BRANE IN A COLLECTING TUBULE 


Rat 6, hematoxylin and eosin stain, 400 x. 
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Fic. 5. DILATATION OF PROXIMAL SEGMENTS OF THE COLLECTING TUBULES IN THE CORTEX 


There are no alterations in more proximal portions of the nephron. 


200 x. 


masses of regenerating epithelial cells (Figure 2). 
This also resulted in dilatation of the nephron 
proximally (Figure 5). 

The location and distribution of the tubular 
changes were rather specific and of particular in- 
terest. Most lesions occurred in the outer medulla 
and involved small clusters of several neighboring 
tubules. In the cortex, the straight tubules in the 
medullary rays, particularly in the inner cortex, 
also showed changes. Many of the damaged seg- 
ments were identified as collecting tubules by the 
presence of intercalated cells (Figure 2). Where 
the tubular lesions occurred in clusters, segments 
of the nephron other than collecting tubules could 
have been involved ; however, tubules recognizable 
as part of the collecting system showed the most 
severe changes. 

Deposits of calcium were recognizable in the 
masses of necrotic and proliferating epithelial cells 
or the corresponding basement membranes. AI- 


though, at times, calcium extended for short dis- 
tances into the intertubular stroma from the calci- 
fied basement membranes, isolated deposits in the 
interstitium were absent. . 





Rat 9, hematoxylin and eosin stain, 


Only a few animals showed severe renal lesions 
involving all segments of the nephron. The tubu- 
lar epithelial alterations were similar to those 
in the collecting system, and in addition, these 
kidneys revealed calcification of the basement 
membranes of proximal convoluted tubules and the 
glomerular capsules. It should be stressed that 
even in animals with lesions of moderate (2 +) de- 
gree, only a few nephrons were involved and that 
the remainder were normal morphologically, em- 
ploying both histological and microdissection tech- 
niques. 

In only a few kidneys vascular changes induced 
by calciferol were present and these were minimal, 
involving only the large arteries. They produced 
no detectable reduction in the size of the lumen and 
could not account for the morphological and physi- 
ological alterations observed in these kidneys. 


DISCUSSION 


Vitamin D intoxication has long been known to 
produce structural changes in the kidneys and 
other organs and severe impairment of renal func- 
tion (see Reference 2 for review). The degree 
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and character of damage to renal parenchyma de- 
pend upon the size of the dose and the duration and 
route of administration. Thus, doses of calciferol 
much smaller than those used in the present ex- 
periments produced severe periarteritis and cal- 
cium deposits in vessel walls and in glomeruli 
when the sterol was given orally to rats by Gill- 
man and Gilbert (13). Such vascular lesions were 
not observed in the present material, possibly be- 
cause absorption of the sterol from its subcutaneous 
depot was limited and the duration of exposure 
short. Others have described involvement of all 
segments of the nephron in vitamin D poisoning 
(13-15) ; in some reports the collecting ducts are 
noted as particularly affected (16, 17). The le- 
sions in the collecting ducts which were observed 
in the present study may represent the earliest 
morphological changes of calciferol intoxication. 
The severe reduction in concentrating ability 
sustained by hypercalcemic rats contrasts with 
their relatively well-maintained blood urea nitro- 
gen, urea clearance, and ability to excrete PSP. 
To the extent that these parameters reflect the 
same functions in the rat that they do in man and 
the dog, these data suggest that concentrating 


ability was impaired out of proportion to changes 
in glomerular filtration and proximal tubular se- 
This functional pattern is simi- 
lar to that observed in humans depleted of potas- 


cretory function. 


sium (18). It is unlikely that the animals of the 
present study were potassium-deficient, since their 
diet contained liberal amounts of potassium, they 
did not have diarrhea and their serum potassium 
was normal. Moreover, the same functional and 
morphological changes were observed when the 
diet was supplemented with potassium. 
Micropuncture studies suggest that the final site 
of water reabsorption and urinary concentration 
lies in the collecting ducts and that the motive en- 
ergy for this process is derived from the reabsorp- 
tion of sodium from more proximal portions of 
the nephron and its concentration in the interstitial 
fluid of the medulla (19). It is therefore of great 
interest that the lesions observed in the present 
study were chiefly localized to the collecting tu- 
bules. The marked decrease in concentrating 
power contrasts with the fact that microscopic 
evidence of injury was generally sparse (indeed, 
absent in Rat No.1). This suggests that in many 
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collecting ducts injury had progressed to a degree 
sufficient to interfere with function though too 
subtle to be detected morphologically; in those 
areas where injury was sufficiently intense or 
prolonged, necrosis occurred with attempted re- 
pair by proliferation. 

These findings may be interpreted in the light 
of current theories of urinary concentration and 
the action of antidiuretic hormone. It might be 
supposed, for example, that diffusion of water out 
of the collecting ducts, normally enhanced by vaso- 
pressin, is slowed by injury to the cells and/or the 
basement membranes lining these tubules. Al- 
ternatively, hypercalcemia and/or increased in- 
tracellular concentrations of calcium might impair 
the efficiency of the mechanism by which sodium is 
pumped out of the loops of Henle and concentrated 
in the medulla (20). In this connection it is in- 
teresting that infusions of calcium salts are re- 
ported to increase the renal excretion of sodium 
(21, 22). 

The functional and morphological similarities 
between the lesions of potassium deficiency in the 
rat (23, 24) and those observed in the present 
study are noteworthy. Both are characterized by 
spotty necrosis and hyperplasia localized chiefly to 
tubular cells in the outer medulla, although the 
lesions observed in rats kept on a potassium-free 
diet for three to six weeks are more numerous 
than those of the present report (24, 25). Both 
are associated with a depression of renal concen- 
trating ability out of proportion to other tests of 
renal function. These facts are reminiscent of the 
opposing effects of potassium and calcium on neu- 
romuscular behavior (26). It is tempting to spec- 
ulate that these are examples of a general phenome- 
non, and that the activity of cell enzymes or the 
permeability of cell membranes in many organs, 
including the kidney, may be altered in the same 
direction by depletion of potassium or a surfeit of 
calcium. 

The present results demonstrate that vitamin D 
intoxication of short duration and mild degree 
specifically impairs renal concentrating ability in 
rats and suggest that similar alterations in renal 
structure and function may be responsible for the 
polyuria previously observed in a variety of clini- 
cal states associated with hypercalcemia or nephro- 
calcinosis. 
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SUMMARY 


Hypercalcemia was induced in rats by four 
daily injections of 200,000 to 400,000 units of 
calciferol. Renal concentrating ability was mark- 
edly impaired, although there was little or no 
change in blood urea, urea clearance or the excre- 
tion of phenolsulfonphthalein. | Morphological 
changes in the kidneys were sparse and consisted 
chiefly of lesions involving the collecting ducts in 
the outer medulla. It is suggested that similar al- 
terations in renal structure and function may be 
responsible for the polyuria and hyposthenuria 
observed in a variety of clinical states associated 
with hypercalcemia or nephrocalcinosis. 
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The nutritive value of a dietary protein depends 
on its amino acid content and on the extent of ab- 
sorption of the amino acids into the blood stream. 
The criteria which have generally been used for 
the biological evaluation of ingested proteins are 
the effect on body weight or nitrogen balance. By 
the use of such methods it has been demonstrated 
that utilization does not occur unless the correct 
assortment of amino acids is presented to the tis- 
sues at the same time. The conclusion has fol- 
lowed that the amino acids are not stored as such 
in the tissues for any length of time. Little is 
known about the fate in the body of the individual 
amino acids after protein ingestion, and it was to 
gain information on this broad subject that the 
present study was undertaken. 

It was shown by Van Slyke and Meyer (1) in 
1912 that a high protein meal is followed by an in- 
crease in the concentration of total free amino 
acids in the circulation. They fed beef to fasting 
dogs, and observed marked increases in the free 
amino acid nitrogen of the blood five hours later. 
Similar observations on total free plasma amino 
acids have been made again in the dog (2), and 
in man (3-5). 

With the introduction of microbiological and 
chromatographic methods, it has become feasible 
to follow the individual amino acids. Dent and 
Schilling (6) determined the levels of free plasma 
amino acids in the portal and jugular veins of dogs 
one, two and one-half and five hours after very 
large protein meals, using a semi-quantitative pa- 
per chromatographic technique. The authors 
have concluded from their results of feeding casein 
that the rise in concentration of each of the amino 
acids in the portal blood, with the exception of 
glutamic acid, corresponded roughly to the amino 

1 Presented before the Tenth Annual Meeting of the 


American Association of Clinical Chemists, Iowa City, 
September 4-6, 1958. 


The con- 
centrations in systemic blood were lower than in 


acid composition of the protein fed. 


portal blood. Similarly, Denton and Elvehjem 
(7), using microbiological assay for 10 amino 
acids, observed over periods of five or six hours 
greatly increased levels of amino acids in portal 
plasma after feeding meals containing casein or 
beef, while the increases in the radial vein were of 
smaller magnitude. In almost all cases the peak 
value was reached earlier in the portal than in the 
radial vein. The authors commented that the in- 
creases in the portal vein appeared to be pro- 
portional to the amounts of amino acids supplied 
by the protein. Wheeler and Morgan (8) fol- 
lowed the effect of feeding meat to rats. The 
levels of 15 amino acids in portal plasma were de- 
termined at intervals up to five hours after the 
meal, using the method of paper chromatography 
of the dinitrophenyl derivatives. Marked in- 
creases, reaching a peak in 30 or 45 minutes, were 
observed in all the amino acids; and values at five 
hours were still well above the fasting levels for 
at least some of the amino acids. The authors did 
not relate the increases to the amino acid compo- 
sition of the ingested protein. 

Little information is available on the effect of 
food intake on the level of the individual plasma 
free amino acids in man. Wynne and Cott (9), 
using microbiological assay, studied the levels of 
six amino acids in nine normal subjects one and 
three hours after eating a breakfast relatively high 
in protein; the protein content was not stated. 
They did not observe a consistent effect on the 
levels of any of the amino acids measured. 
Charkey, Kano and Hougham (10) followed the 
effect of a 48 hour fast on the levels of seven blood 
amino acids in six normal subjects, using micro- 
biological assay. Their results did not show con- 
sistent changes. Six hours after termination of 
the fast by a meal, the content of which was not 


1710 











PLASMA FREE AMINO ACIDS AFTER PROTEIN MEAL 


specified, the changes again were irregular. Us- 
ing the technique of chromatography on columns 
of ion exchange resins, Stein, Bearn and Moore 
(11) measured the free systemic plasma amino 
acids before and two hours after feeding 50 Gm. 
of casein to a normal subject. They found in- 
creases in the levels of most of the amino acids 
after feeding, and state that “the increase . 
reflects to some degree, but not in detail, the 
amino acid composition of the casein fed.” 

The present work appears to be the first detailed 
study in any species relating the amino acid com- 
position of the dietary protein to the plasma amino 
acid levels. In much of the work mentioned above 
only the essential amino acids have been measured, 
whereas with the chromatographic technique used 
here, all of the biologically-important amino acids 
except glutamine, asparagine and tryptophan are 
quantitatively determined. In addition, the ef- 
fects of protein ingestion have not previously been 
followed for as long a period (eight hours) fol- 
lowing the meal as is done in the present study. 


METHODS 


Subjects. These were six normal persons between the 
ages of 24 and 47 years, all from our laboratory staff, 
Subjects 1, 4 and 6 being females, the others males. 
After an overnight fast, a sample of blood was drawn 
from the antecubital vein. The subject then drank the 
greater part of a mixture of eight raw eggs beaten with 
one-half pint of milk and a few drops of vanilla. This 
mixture, whtich will be referred to as “eggnog,” amounted 
to somewhat more than 600 ml., and each subject con- 
sumed exactly 600 ml., usually in two to three minutes. 
An aliquot of each eggnog was frozen for later total ni- 
trogen and amino acid analyses, so that the exact intake 
of each amino acid could be determined. No food was 
eaten during the rest of the experimental period, but 
water was taken ad lib. Blood samples were drawn from 
the antecubital vein at various intervals after the meal, 
and each subject carried on his usual laboratory activities 
throughout the period. Subject 6, who was followed for 
eight hours, then ate ad lib. for four hours, again fasted 
overnight, and a second fasting specimen was drawn. 

Preparation of samples. Each blood specimen was 
drawn into a syringe the dead space of which contained 
liquid heparin sodium, was centrifuged immediately, and 
the plasma removed. Ten or 20 ml. was promptly de- 
proteinized with picric acid, and an aliquot was frozen 
for later a-amino nitrogen analysis. The protein-free 
plasma was prepared on the same day for column chro- 
matography as described by Stein and Moore (12). 

Column chromatography. The method of Moore and 
Stein (13) was followed. The same lot of resin (Dowex 
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50-X 5) was used repeatedly throughout the study. Two 
ml. effluent fractions were collected and analyzed photo- 
metrically by the method of Moore and Stein (14). The 
amino acids emerged more slowly than described by the 
original authors, and arginine was not eluted until the 
effluent volume reached nearly 1,200 ml. The sequence 
of emergence, however, was similar to that of Moore 
and Stein. Cystine and methionine were identified by 
running effluent curves of plasma extracts with and 
without the separate additions of cystine and methionine. 
With the exception occasionally of methionine and iso- 
leucine, the peaks were well separated. Of the two uni- 
dentified peaks in plasma mentioned by Stein and Moore, 
the one between urea and aspartic acid was seen on all 
chromatograms and its concentration did not change sig- 
nificantly after the protein meal. The postleucine peak 
was seen irregularly. A third small unidentified peak was 
seen in all chromatograms, emerging between cystine 
and methionine. Its concentration was not changed sig- 
nificantly by the protein ingestion. A tryptophan peak 
was not seen on any of the plasma effluent curves. In 
each chromatogram a correction for methionine was made 
for a 10 per cent loss on the column. Only proline and 
cystine were corrected for their low color yields with 
ninhydrin, using the factors of Moore and Stein. 

Hydrolysis of deproteinized plasma. In Subjects 1 and 
2, 20 ml. of each plasma sample was deproteinized, and 
the picric acid removed. Half of the eluate was treated 
as described above. To the other half was added an 
equal volume of concentrated HCI (Analytical Reagent), 
giving a final concentration of HCl of 6 N. This was 
refluxed for 24 hours. The contents of the flask were 
then reduced in vacuo to about 2 ml., water was added 
several times and removed in vacuo. The residue was 
brought to pH 2 to 3 and frozen. The chromatograms 
showed not more than traces of a component in the 
cysteic acid position. Cystine usually emerged as a 
double peak, representing the meso- and the p- or L-forms 
(15). All effluent curves showed two small peaks or a 
double peak at the position of the methionine sulfoxides 
and a peak giving a red color with ninhydrin between 
taurine and urea, the latter representing carbohydrate de- 
composition products (16). Of the unidentified peaks, 
the one between urea and aspartic acid was present in 
smaller amounts than in the unhydrolyzed specimen; the 
postleucine peak was not seen; and the one between 
cystine and methionine was present in about the same 
amount as before hydrolysis. 

Hydrolysis of eggnog. To 1 or 2 ml. aliquots of each 
of the six lots of eggnog, containing about 100 mg. of pro- 
tein per ml., were added 200 volumes of 6 N HCl, and 
the mixture was refluxed for 24 hours. The hydrolysate 
was filtered through sintered glass and the filtrate freed 
from HCl as described above. A dark precipitate which 
formed when the pH was brought to about 2.5 was re- 
moved by centrifugation. The supernate was stored in 
the frozen state until chromatographed. The effluent 
curves showed no cysteic acid and only traces of methio- 


nine sulfoxides. In common with the protein-free plasma 
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TABLE I 


Amino acid composition of ingested protein 
(Gm. per 100 Gm. of protein) 


| 
| 
| 
| 





| 
| 





Alanine 5:2 Lysine 8.1 
Arginine 5.9 Methionine 2.9 
Aspartic acid 9.0 Phenylalanine 5.0 
Cystine 1.8 Proline 4.2 
Glutamicacid 13.8 Serine 7.0 
Glycine 3.2 Threonine 4.5 
Histidine 2.7 Tryptophan S* 
Isoleucine 5.3 Tyrosine 4.3 
Leucine 8.6 Valine 6.8 


*From Block and Weiss (23). 


hydrolysates, they showed a double cystine peak, the 
red peak with ninhydrin, and the unidentified component 
between cystine and methionine. A peak between leu- 
cine and tyrosine, probably glucosamine, was always seen. 
The results of the analyses were corrected for a 10 per 
cent loss of serine and a 5 per cent loss of threonine 
during hydrolysis. With the single period of hydrolysis 
used, it was not possible to correct accurately for the de- 
struction or incomplete liberation of some of the amino 
acids. The results given, therefore, for the content of 
some of the amino acids in the eggnog may be in error 
by a few per cent, but not to an extent to interfere with 
the interpretation of results. 

Other analytical techniques. a-Amino nitrogen was de- 
termined in triplicate on each of the plasma samples by 
the manometric-carbon dioxide method of Hamilton and 
Van Slyke (17). The samples had been frozen for vary- 
ing lengths of time prior to analysis, a procedure which 
has been found to be without significant effect on the re- 
sult. Total nitrogen of the eggnog was determined by a 
macro-Kjeldahl procedure (18). Duplicate 3 ml. ali- 
quots of each lot were analyzed. Total nitrogen was 
multipled by 6.25 to obtain the protein value. Amide ni- 
trogen was determined by the method of Rees (19), with 
an hydrolysis period of nine days in concentrated HCl 
at 37° C., and urea-nitrogen by Nesslerization of the pro- 
tein-free filtrate after incubation with urease. Glucose 
was determined by the method of Somogyi (20), using 
the color-developing reagent of Nelson (21). A micro 
hematocrit method was used (22). 

Recovery of a-amino nitrogen from column. The 
a-amino nitrogen recovered from each column was cal- 
culated and compared with the manometrically-determined 
a-amino nitrogen. Quantitative recovery cannot be ex- 
pected from the column because glutamine, which makes 
up about 25 per cent of the total free plasma a-amino 
nitrogen, is destroyed on the column to a variable but 
large extent; and little, if any, is recovered as glutamic 
acid. Tryptophan was not found in any of the column 
eluates. Recovery from the columns varied from 75 to 
80 per cent. In Subjects 1 and 2 where aliquots of the 
deproteinized samples were hydrolyzed, the glutamic 
acid and aspartic acid levels were used to estimate the 
glutamine and asparagine of the unhydrolyzed samples. 
The recovery of a-amino nitrogen from the column now 


rose to 90 to 95 per cent. The calculated recoveries 
would be further increased if a figure for tryptophan were 
included and if corrections were made for the color yields 
of all of the amino acids instead of for only proline and 
cystine. 


RESULTS 


A. Protein intake 

The amounts of protein ingested by Subjects 1 
to 6 were 60, 55, 56, 56, 51 and 55 Gm., respec- 
tively. The percentage amino acid compositions of 
the six lots of eggnog were in close agreement. 
Table I illustrates the results; the figures agree 
reasonably well with those given by Block and 
Weiss (23) for whole egg. One lot of eggnog 
was analyzed when fresh for free a-amino nitrogen. 
The result showed that 0.7 per cent of the total 
nitrogen was present as free a-amino nitrogen. In 
the estimation of protein, the total nitrogen was 
not corrected for this amount. From the results of 
the determination of amide nitrogen in one lot of 
eggnog, 74 per cent of the aspartic acid plus glu- 
tamic acid was estimated to be present as amide. 


B. Total a-amino nitrogen in plasma 

The results are shown in Table II. Subjects 1 
and 2 were followed for only three hours, at which 
time the highest observed values were found. Sub- 
ject 3 was followed for five hours, and showed 
a peak value at four hours. Subject 4 had a peak 
level at five hours, although the final value at six 
hours was still well above the fasting level. Blood 
samples were drawn from Subjects 5 and 6 at 
two, four, five, six, seven and eight hours after 
the meal. Subject 5 had the highest fasting value 
of any of the subjects and showed the smallest in- 
crease after the meal, with a peak at four hours 
and a return to the fasting level at seven and eight 
hours. The protein intake of this subject was 


TABLE II 


Plasma concentrations of a-amino nitrogen before 
and after high-protein meal 
(mg. per 100 mi.) 








Hours after food 





Subject 





no, 0 1 2 3 4 5 6  § 8 
1 3.344 45 4.8 

2 3.8 49 54 6.1 

3 3.9 4.7 50 56 60 4.8 

4 3.8 5.1 5.5 5.8 4.7 

5 4.6 5.0 54 50 49 46 4.6 
6 3.9 4.8 5.1 48 48 48 4.3 
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(B), Lystne (C), ALANINE (D), IsoteucINE (E), AND GLyctNeE (Not CorrECTED 
FOR CITRULLINE) (F), BEFoRE, AND AT VARIOUS INTERVALS AFTER, A HiGH-Pro- 


TEIN MEAL 


somewhat less than that of the others. The high- 
est value in Subject 6 was at four hours, but at 
eight hours the level was still higher than when 
fasting. In comparing the specimens drawn eight 
hours after the high-protein meal with the fasting 
specimens, it should be mentioned that the latter 
were drawn about 12 hours after meals containing 
considerably less protein than the experimental 
meal. The plasma a-amino nitrogen of Subject 6 
drawn the following morning after a 12 hour fast 
was 3.6 mg. per 100 ml., not significantly different 
from the previous fasting value since the triplicate 
determinations showed an overlap in results. 


C. Individual free amino acids in plasma 


The data for 20 ninhydrin-positive components 
are shown in Table III. Those for glutamine plus 
asparagine are not included because of the low re- 
covery of glutamine from the column. Subjects 
1 and 2 were not followed sufficiently long to ob- 
serve the more interesting results seen in the other 


subjects. No age or sex differences were noted. 


Figure 1 illustrates outstanding results following 
the high-protein meal. 

The patterns of response of the different amino 
acids after the high-protein meal have been divided 
into six groups. The distinction between the 
groups is not always clearcut, and some of the 
amino acids differ in their pattern from one sub- 
ject to another ; but for the purpose of summariz- 
ing the data the grouping is useful. The charac- 
teristics of the group, and their members, are as 
follows: 1) Marked increase in concentration, 
with eight hour levels significantly above fasting 
values. Isoleucine, leucine and valine belong to 
this group. 2) Moderate increase in concentration, 
with levels at no time falling below the fasting 
values. Included here are glutamic acid, methio- 
nine, ornithine, phenylalanine, serine, threonine 
and tyrosine. 3) Moderate or small increase in 
concentration, but with values at six, seven or 
eight hours in one or more subjects falling below 
the fasting values. Cystine, histidine and pro- 
line fall into this group. 4) Marked early rise in 
concentration at two hours, followed by a decrease, 
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TABLE III 











Plasma concentrations of amino acids before and after high protein meal (mg. per 100 ml.) 








Hours after food 

















Subject ——_————— — 
no. 0 1 2 3 4 5 6 7 8 
Alanine 
1 1.91 2.03 2.01 
2 2.86 3.30 8.55 3.41 
3 2.54 3.12 3.11 3:25 3.46 2.84 
4 3.07 3.35 3.18 3.11 2.55 
5 3.43 3.68 2.94 3.01 2.27 2.53 2.45 
6 257 2.57 2.54 2.30 2.20 2.07 1.99 
a-Amino-n-butyric acid 
1 0.16 0.17 0.38 
2 0.31 0.25 0.27 0.24 
3 0.13 0.18 0.14 0.13 0.20 0.16 
4 0.16 0.32 0.21 0.27 0.37 
5 0.19 0.20 0.22 0.26 0.32 0.27 0.34 
6 0.08 0.16 0.29 0.27 0.36 0.31 0.35 
Arginine 
1 1.15 1.54 
2 1.62 2.22 2.49 2.88 
3 1.45 2.46 2.38 2.59 24 2.10 
4 1.52 2.66 2.41 2.69 1.81 
5 1.53 1.62 1.92 1.94 1.39 1.28 1.24 
6 1.58 2.14 2.01 1.97 1.89 1.67 1.45 
Aspartic acid 
1 0.10 0.05 0.08 
2 0.03 0.08 0.07 0.09 
3 0.04 0.02 0.04 0.07 0.06 0.03 
4 0.04 0.04 0.07 0.07 0.04 
5 0.03 0.01 0.08 0.43 0.05 0.04 0.06 
6 0.01 0.05 0.05 0.04 0.04 0.03 0 
Cystine 
1 1.05 1.10 1.36 
2 0.75 0.89 1.34 1.29 
3 1.03 1.27 1.35 1:35 1.52 1.24 
4 1.11 1.27 1.23 1.19 0.96 
5 1.23 1.42 1.45 1.37 1.25 1.22 1.13 
6 1.42 1.49 1.49 1.51 1.33 1.36 1.28 
Glutamic acid 
1 0.45 0.65 1.06 
2 0.51 0.88 0.95 1.13 
3 0.27 0.55 0.43 0.53 0.62 0.33 
4 0.62 0.82 0.65 0.87 0.66 
5 0.49 0.69 0.68 1.30 0.69 0.78 0.80 
6 0.31 0.58 0.60 0.73 0.62 0.48 0.38 
Glycine* 
1 2.40 2.53 2.53 
2 1.77 1.85 1.92 1.96 
3 1.89 2.00 2.07 1.99 2.01 1.66 
4 1.48 1.43 1.32 1.32 1.11 
5 2.09 1.96 1.94 1.91 1.74 1.73 1.69 
6 1.48 1.34 1.42 1.37 1.32 1.26 1.15 
Histidine 
1 0.97 1.08 1.28 
2 1.42 1.65 1.88 1.97 
3 1.11 1.27 1.31 1.18 1.30 1.16 
4 1.09 1.16 1.28 1.18 1.00 
5 1.18 1.31 1.32 1.33 1.27 1.41 1.41 
6 1.33 56 1.40 1.31 1.22 1.32 1.17 
* Not corrected for citrulline. 
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Hours after food 





MEAL 

















Subject 
no. 0 1 2 3 4 5 6 7 8 
Isoleucine 
1 0.73 1.24 2.21 
2 0.79 1.46 1.71 2.39 
3 0.60 1.07 1.42 1.55 2.18 1.53 
4 0.76 1.55 2.30 2.28 1.50 
5 0.68 1.54+ 1.497 1.67 1.34 1.29 1.23 
6 0.76t 1.327 1.71 1.93 2.17 1.86 1.66 
Leucine 
1 1.31 2.34 3.04 
2 1.63 2.49 3.14 3.94 
3 Ue bo) 1.87 2.12 242 3.15 2.50 
4 1.36 2.60 3.29 3.48 2.48 
5 1.36 2.24 2.55 247 2.19 2.08 1.99 
6 1.12 2:25 2.77 2.94 3.11 2.84 2.28 
Lysine 
1 1.87 2.78 24d 
Zz 2.96 4.90 5.50 5.75 
3 2.08 3.43 3.63 3.76 3.72 2.74 
4 2.94 4.75 4.18 4.31 3.11 
5 2.15 3.30 2.99 2.63 2.06 2.05 1.81 
6 1.93 3.32 3.00 2.74 2.56 2.12 1.78 
Methionine 
1 0.27 0.41 0.23 
2 0.44 0.53 0.82 1.00 
3 0.33 0.57 0.76 0.83 0.89 0.84 
4 0.21 0.57 0.63 0.94 0.77 
5 0.44 0.42} 0.727 0.67 0.59 0.56 0.44 
6 0.207 0.567 0.54 0.52 0.53 0.48 0.39 
Ornithine 
1 0.62 1.09 1.42 
2 0.60 1.10 1.29 1.36 
3 0.63 0.93 0.94 1.08 1.00 0.94 
4 0.77 1.34 1.37 1.55 1.35 
5 0.68 1.00 0.99 0.93 0.86 0.74 0.65 
6 0.63 LAZ 1.45 1.12 1.15 1.12 0.96 
Phenylalanine 
1 0.70 0.94 
2 0.83 0.88 1.08 1.29 
3 0.81 0.98 1.04 1.20 1.58 1.19 
4 1.20 1.47 1.14 1.75 1.37 
5 0.97 0.99 1.13 1.31 1.09 1.02 0.98 
6 1.00 1.08 1.23 131 1.35 1.49 1.60 
Proline 
1 1.37 1.73 2.19 
2 2.64 2.91 2.92 3.05 
3 1.63 1.53 1.25 1.66 2.40 2.00 
4 1.42 0.80 1.78 2.01 1.61 
5 2.30 2.50 2.75 2.46 2.11 2.14 1.93 
6 1.43 1.56 2.02 1.91 1.68 1.64 1.47 
Serine 
1 0.83 1.08 1.42 
2 0.97 1.29 1.48 1.69 
3 0.93 1.22 1.35 1.54 1.72 1.44 
4 1.01 1.22 1.32 1.50 1.16 
5 1.27 1.54 1.69 1.86 1.54 1.52 1.42 
6 0.82 1.04 1.26 1.24 1.34 1.14 1.03 





t Values inaccurate because of incomplete separation of isoleucine and methionine. 
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Hours after food 








4 5 6 7 8 





no. 0 a 2 : in 3 
Taurine 

1 2.10 1.33 1.78 

2 0.47 1.11 0.91 1.08 

3 0.80 0.63 0.55 0.95 0.95 0.66 

4 1.25 0.94 0.81 0.79 

5 0.60 0.77 0.72 0.63 0.76 0.64 0.75 
6 0.40 0.46 0.39 0.50 0.42 0.42 0.56 

Threonine 

1 0.94 1.33 1.70 

2 1.47 1.96 2.18 2.43 

3 1.52 1.84 2.00 2.19 2.42 2.09 

4 1.05 1.70 1.75 1.89 1.54 

5 1.75 2.17 2.31 2.28 2.00 1.91 1.78 
6 1.45 1.80 2.06 2.06 2.08 1.87 1.69 

Tyrosine 

1 0.57 0.91 

2 1.00 1.21 1.56 1.74 

3 0.79 1.21 1.38 1.60 1.91 1.59 

4 1.21 2.18 2.38 2.52 2.07 

5 1.22 1.62 1.79 1.76 1.36 1.28 1.18 
6 0.68 1.36 1.53 1.56 1.59 1.55 1.10 

Valine 

1 2ae 3.07 4.46 

2 2.78 3.46 4.24 5.50 

3 1.95 2.64 3.06 3.78 4.68 4.20 

4 2.20 3.89 5.44 5.87 5.17 

5 2.41 3.18 4.00 4.16 3.80 3.52 3.43 
6 2.15 3.39 4.32 4.63 4.78 4.66 4.39 


with values at six, seven or eight hours below the 
fasting levels. Lysine, particularly, and also argi- 
nine, follow this pattern. 5) No early change or a 
slight early increase in concentration, followed 
by a progressive decrease to values significantly 
below the fasting levels. Alanine and glycine (not 
corrected for citrulline) belong to this group. 6) 
No significant change. 
butyric acid are in this group, and also taurine, 
It may be that the 
variable results for taurine are due to lysis of 
leucocytes and platelets, as suggested by the work 
of McMenamy, Lund and Oncley (24). 

Since glutamine is partially destroyed on the 
column, the chromatographic results for the gluta- 
mine plus asparagine peak are of limited value. 


Aspartic acid and amino- 


with its irregular changes. 


If one can assume that a constant proportion is de- 
stroyed when all samples are treated alike, as was 
the case in the present study, tentative conclusions 
may be drawn. Increases in concentration of 11 


to 55 per cent were seen in five of the subjects 


in two to four hours. Three out of four subjects 


showed values below the fasting levels at five to 
eight hours. In Subjects 1 and 2 where the pro- 
tein-free filtrates were hydrolyzed and chromato- 
graphed, the glutamine and asparagine were esti- 
mated, assuming that the additional glutamic and 
aspartic acids in the hydrolysate were derived 
only from their amides. In Subject 1 the esti- 
mated glutamine levels at fasting, two and three 
hours were 7.3, 8.7 and 8.0 mg. per 100 ml.; and 
asparagine, 0.8, 1.2 and 1.2 mg. per 100 ml. In 
Subject 2, glutamine concentrations at fasting, one, 
two and three hours were 10.2, 10.1, 9.8 and 10.6 
mg. per 100 ml., and the corresponding values for 
asparagine were 1.6, 1.3, 14 and 1.5 mg. per 
100 ml. Although direct evidence is not available, 
the indications are that the plasma levels of glu- 
tamine and asparagine increased only slightly after 
protein ingestion, and may have decreased below 
the fasting values at the later time intervals. 

The failure of total a-amino nitrogen to give an 
adequate picture of the effect of protein feeding on 
plasma amino acid concentration is illustrated in 
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Fic. 2. RELATIVE CONCENTRATIONS OF THE INDIVIDUAL FREE PLASMA AMINO ACIDS 
IN THE FastTING STATE AND SEVEN Hours Arter A HiGH-ProteIn MEAL 


The abbreviations represent the first three letters of the amino acids listed in 


Table I. 


Figure 2. Here, the individual amino acids in the 
fasting and seven hour specimens of Subject 5, 
both of which had 4.6 mg. per 100 ml. of a-amino 
nitrogen, are expressed as per cent of the total 
amino acids. The numerical values are not ac- 
curate because only approximate data for gluta- 
mine and asparagine were available, and trypto- 
phan was not included. It is clear, however, that 
the relative distribution of the different amino 
acids is quite dissimilar in the two samples in spite 
of identical total a-amino nitrogen concentrations. 


TABLE IV 
Average index* of four subjects four hours after meal 








Valine 66 Arginine 22 
Isoleucine 45 Cystine 20 
Tyrosine 39 Phenylalanine 15 
Leucine 36 Serine 13 
Threonine 29 Histidine 12 
Lysine 28 Glycinet ueg.t 
Methionine 26 Alanine neg.§ 
Proline 24 





mg. per 100 ml. increase over fasting level X 100 


Gm. in ingested protein 
t Not corrected for citrulline. 
t Negative i in three of four subjects. 
§ Negative in two of four subjects. 





*Index = 


D. Food-plasma index 


A number of physiological mechanisms are in- 
volved in determining the effect of the ingestion 
of a protein on the concentration of the different 
amino acids in the systemic circulation. These 
are discussed below. Although the details of the 
dynamic processes are not known, it seems worth- 
while to estimate the overall effect of protein intake 
on plasma amino acid levels. The following index 
is proposed as a means of relating numerically, 
for each amino acid, the change in concentration in 
the plasma which follows the meal to its content in 
the ingested protein: 


Mg. per 100 ml. increase over fasting level X 100 
Gm. in ingested protein 





Illustrative values of such an index are shown in 
Table IV which gives for 15 amino acids the av- 
erage index of the four subjects four hours after 
the meal, a time at which most of the amino acids 
are at, or close to, their highest concentrations. 
The differences in index values among the sub- 
jects at any one time interval are not great. It is 
evident from the variability of the indices that the 
extent of the increase in concentration of an amino 
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acid does not parallel the amount in the ingested 
protein. The average index varies from 66 for 
valine to 12 for histidine. At four hours two of 
the four subjects show a negative value for alanine, 
with the other two subjects having index values of 
4 and 13. At four hours three of four subjects 
have a negative index for glycine (uncorrected for 
citrulline), while the fourth subject has an index of 
3. The negative values are shared at later time 
intervals in one or more subjects by arginine, 
cystine, histidine, lysine and proline. 

If the index is expressed as per cent, rather 
than absolute, increase over the fasting levels, the 
order of indices becomes quite different, with 
methionine assuming the highest index, and the 
others in the following order of decreasing value: 
isoleucine, tyrosine, valine, leucine, threonine, 
cystine, arginine, proline, serine, lysine, phenyl- 
alanine and histidine. 


E. Other analytical data 


Glucose. Blood glucose levels were determined 
only in Subject 3. The fasting value was 92 mg. 
per 100 ml., and at succeeding hourly intervals 
the values were 72, 82, 90, 74 and 80 mg. per 
100 ml. 

Urea-nitrogen. Blood urea-nitrogen was de- 
termined on each sample from Subjects 4 and 6. 
The levels rose progressively throughout the ex- 
perimental period, from fasting values of 9 and 
11 mg. per 100 ml. to 16 and 19 mg. per 100 ml. 

Hematocrit. A 35 to 40 ml. sample of blood 
was drawn from each subject at each time interval. 
Since this meant a total removal of about 280 ml. 
of blood from Subjects 5 and 6, with less from the 
other subjects, it seemed possible that the decrease 
in concentration of some of the amino acids with 
time might be due to blood removal with a con- 
sequent dilution of the plasma. The hematocrit 
values were determined on Subject 6. With a 
value of 42 in the fasting sample, the level de- 
creased progressively to 39 at seven hours, and 
rose to 40 at eight hours. A drop in hematocrit 
from 42 to 39 represents an increase of 5 per cent 
in plasma volume. Even if this dilution of plasma 
were brought about by amino acid-free fluid, it 
could not account for the much greater per cent 
decreases in concentration seen for a number of 


the amino acids. 





Nonprotein combined amino acids. These were 


determined only in Subjects 1 and 2. Except for 
aspartic and glutamic acids, which increased 
greatly, the changes in concentration of the differ- 
ent amino acids after hydrolysis were small and 
irregular, and a consistent effect of the protein 
meal was not found. 

Fasting specimen 2, Subject 6. Compared with 
the fasting specimen of the preceding day, the 
second one showed slightly lower concentrations 
of alanine, cystine and arginine, and a higher 
valine level. The blood urea-nitrogen was 5 mg. 
per 100 ml. higher than on the preceding day. 


DISCUSSION 


The data show that the ingestion of a meal 
high in protein is followed by changes in the con- 
centration of each of the free circulating amino 
acids, and that these changes do not parallel the 
relative amino acid composition of the protein in- 
gested; nor do the relative concentrations of the 
different amino acids in the plasma remain con- 
stant. There are several factors which may con- 
tribute to the observed results: 

1. The amino acids may be released from the 
dietary protein in the gastrointestinal tract at dif 
ferent rates and to different extents. Several in 
vitro studies (25-27), where protein was incu- 
bated with one or more proteolytic enzymes, indi- 
cate that under the conditions used, amino acids 
are liberated at different rates. It is difficult to 
apply these observations to in vivo conditions, es- 
pecially as the in vitro incubation periods extended 
for 72 hours or longer. However, it is possible 
that digestion may be a factor in determining the 
variable changes in plasma levels of the different 
amino acids. 

2. The amino acids may be absorbed from the 
intestine at different rates and to different extents. 
A number of in vitro studies (28-32), using mostly 
the isolated loop of the rat intestine, demonstrate 
that different amino acids are absorbed at different 
rates, and that the presence of one amino acid may 
affect the absorption of another. It may be that 
in vivo, also, the rate and extent of absorption 
are not governed entirely by the concentration in 
the intestine. 

3. Dietary ingredients other than protein may 
influence the plasma amino acid levels. Munro 
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and Thomson (33) found that the oral ingestion of 
50 Gm. of glucose by normal adults was followed 
two hours later by a decrease in the concentration 
of the seven plasma amino acids measured. Frid- 
handler and Quastel (31) observed that a high 
concentration of glucose inhibited the absorption of 
alanine in the perfused guinea pig intestine. In the 
present study, the total carbohydrate of the in- 
gested meal was only about 12 Gm., and in the 
one subject where blood sugar concentrations were 
measured the changes were minimal. Munro and 
Thomson (33) did not observe a significant ef- 
fect on the plasma amino acids after the ingestion 
of 30 Gm. of butter. It seems unlikely that either 
the fat (approximately 50 Gm.) or carbohydrate 
ingredients of the meal in the present study in- 
fluenced the effects of the protein component. 

Information on points 1, 2 and 3 should be 
gained by observing the effect on the plasma amino 
acid levels of the ingestion of purified amino acids, 
one at a time or together, in amounts equal to 
those present in the protein. Such studies have 
already been done by Steele and Le Bovit (34) on 
humans for two amino acids, using microbiologi- 
cal asay. After the ingestion of 5 Gm. of leucine 
or 1.5 Gm. of histidine (amounts comparable to 
those in the ingested protein of the present study), 
the plasma concentrations of the administered 
amino acid reached much higher levels than those 
seen in the present work, with peaks at 30 min- 
utes, which is considerably earlier than seen in 
our study. The results suggest that the effect on 
the plasma level of the ingestion of an amino acid 
may be quite different depending on whether the 
amino acid is given alone in the free form or fed 
as part of a protein molecule. On the other hand, 
Gupta, Dakroury and Harper (35) found that 
total nitrogen disappeared from the gastroin- 
testinal tract of rats at nearly the same rate whether 
the diet contained casein, beef or a mixture of 
amino acids. 

4. Some of the amino acids may be excreted into 
the urine. Urinary amino acids were not studied 
in the present work, but the investigations of 
others indicate that although small amounts of the 
ingested amino acids are excreted, the loss by this 
route is not large on a percentage basis. By con- 
tinuous intravenous infusion into humans of a 
mixture of 18 amino acids, Doolan, Harper, 
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Hutchin and Shreeve (36) raised the plasma levels 
to values at least equal to, and in many instances 
far exceeding, those reached in the present study 
and found very slight increases in urinary amino 
acid excretion. The overall loss was less than 4 
per cent of the administered amino acids. 

5. The amino acids may be removed by the tis- 
sues at different rates and to different extents. 
That intravenously administered amino acids are 
rapidly removed by the tissues from the blood 
stream of the dog was shown many years ago by 
Van Slyke and Meyer (1, 37). In man, also, in- 
travenously administered glycine, methionine and 
lysine have been found to disappear rapidly (38- 
40). When the diet is the source of the additional 
amino acids, the liver assumes particular impor- 
tance in their disposal. Several investigators (2, 
6, 7) whose work was discussed above found 
higher levels of amino acids in the plasma of the 
portal vein than in the systemic circulation of dogs 
after a protein meal. The differences between por- 
tal and systemic blood found by Denton and EI- 
vehjem (7) after casein feeding are much greater 
than those seen by Dent and Schilling (6) and 
Christensen (2), although the latter gave larger 
amounts of casein. Differences in methodology 
may account for the discrepancy. The results of 
Onen, Wade and Blainey (41) indicate that free 
amino acids are removed from the plasma by the 
liver of humans even in the fasting state. Using 
a semi-quantitative paper chromatographic tech- 
nique in fasting subjects undergoing heart catheter- 
ization, these workers found that the plasma con- 
centrations of the leucines, valine, alanine, cysteic 
acid, methionine, glycine and glutamine were lower 
in the hepatic vein than in the radial artery. Glu- 
tamic acid, the only other amino acid measured, 
varied from one subject to another in its relative 
concentrations in hepatic vein and radial artery. 
Since the concentration of free plasma amino acids 
is maintained at a fairly constant level except af- 
ter a high-protein meal, there must be a net con- 
tribution of amino acids to the plasma from tissues 
other than the liver. A discussion of the mecha- 
nisms which may control the levels of the free 
circulating plasma amino acids during fasting or 
after feeding is beyond the scope of this paper. 
In the present study, the influx of amino acids 
from the intestine had passed through the liver 








and into the systemic circulation before analysis ; 
and the observed levels represent the pattern of 
plasma amino acids presented to tissues other than 
the liver. 

Nasset, Schwartz and Weiss (42) have con- 
cluded from their studies on dogs that considerable 
amounts of endogenous protein are returned to 
the lumen of the digestive tract during digestion 
as enzyme protein and mucosal cells. It is not 
possible to estimate the extent to which this oc- 
curs in the present study. It is likely, however, 
that the intestinal mucosa is one of the tissues re- 
moving amino acids from the systemic circulation. 
The studies of Borsook and his collaborators (43), 
showing the very rapid disappearance of C**- 
labeled glycine, histidine, leucine and lysine from 
the blood of mice and their prompt appearance in 
the tissue proteins, cannot be correlated with the 
present type of study where only net changes in 
concentration are measured with no information 
on exchange. 

Of the total amino acids contained in the in- 
gested protein, only a small proportion appears as 
increases in the plasma and extracellular fluid. 
The observation that the blood urea-nitrogen con- 
centrations increased significantly and continued 
to increase after the amino acid level had reached 
a peak is evidence that the amino acids are con- 
tinuing to be deaminated. It is of interest that, 
although ornithine was not found in the acid hy- 
drolysates of the ingested protein, the plasma orni- 
thine concentrations rose after a protein meal up 
to twice the fasting levels, an observation made 
previously by Stein, Bearn and Moore (11). The 
effect of a protein meal on plasma citrulline levels 
was not measured in the present work since gly- 
cine and citrulline were not separated from each 
other; nor has the literature been found to con- 
tain information on this point. 

The observation that the concentrations of some 
amino acids decrease below ihe fasting levels at a 
time when others are increasing or are still well 
above the fasting values is of considerable interest. 
The most striking example is alanine which in one 
subject fell to 66 per cent of the fasting concen- 
tration. The results with glycine are less clearcut 
because of its failure to be separated from citrul- 
line. The two together fell to as low as 75 per 
cent of the fasting value. It seems unlikely that 
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the plasma citrulline concentration has decreased, 
especially in the presence of a rising ornithine 
level; and the drop in glycine plus citrulline prob- 
ably represents a decreased glycine concentration. 
Glycine and alanine are known to be among the 
most metabolically active of the amino acids and 
to have functions other than as protein compo- 
nents. One can speculate that in the handling by 
the tissues of the influx of amino acids after a 
protein meal these two amino acids are rapidly 
utilized. A practical inference from the present 
study is that glycine and alanine may be less sensi- 
tive than other amino acids as test substances in 
the study of intestinal absorption in man. Gly- 
cine has frequently been used for this purpose, 
most recently by Butterworth, Santini and Perez- 
Santiago (44). 

The nutritional implications of the results pre- 
sented in this paper are of interest. It is frequently 
quoted in the literature that all the essential amino 
acids must be presented to the tissues almost simul- 
taneously for their utilization to occur. The spe- 
cific data on which such a general statement is 
based are as follows: Cannon and co-workers (45) 
fed to protein-depleted rats alternately, at hourly 
intervals, with a one hour fasting period between, 
two groups of amino acids, one containing argi- 
nine, histidine, leucine, lysine and threonine, the 
other isoleucine, methionine, phenylalanine, trypto- 
phan and valine. The rats failed to grow, indi- 
cating that all five amino acids of either group are 
not available for tissue protein synthesis one to 
two hours after ingestion. Working also with 
rats, Geiger (46) found that if diets deficient in 
tryptophan, methionine or lysine were supple- 
mented with the missing amino acid 12 hours later 
effective growth did not occur. Geiger (47) ob- 
served also that when two kinds of protein, each 
of low biological value, were fed together to rats, 
growth occured; but if the two proteins were of- 
fered alternately, each for 10 hours, with a two- 
hour fasting period between, growth did not take 
place. Henderson and Harris (48) observed 
that a delay of three hours in the feeding of lysine 
as a supplement to a lysine-low diet interfered 
with nitrogen retention and gain of body weight 
in rats. In dogs, Elman (49) found that when the 
intravenous injection of an amino acid solution de- 
ficient in tryptophan was followed after six hours 
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by the intravenous injection of tryptophan, posi- 
tive nitrogen balance was not achieved. The only 
comparable study in humans appears to be that of 
Leverton and Gram (50) who showed that a posi- 
tive nitrogen balance was increased if the dietary 
animal protein was distributed among the three 
meals a day rather than being consumed only at 
lunch and dinner. In none of the species studied 
has there been a clear definition of the maximum 
time interval at which a missing amino acid may 
still be effectively supplied. In the two subjects 
in the present study who were followed for as long 
as eight hours after the protein meal, the plasma 
levels of all the essential amino acids except lysine 
(tryptophan was not measured) were at that time 
at least equal to, and for several amino acids 
markedly above, the fasting values. If prolonged 
plasma elevation means intracellular saturation, 
one might anticipate that leucine, isoleucine and 
valine, particularly, would be available for utiliza- 
tion by the human several hours after their in- 
gestion. 

In the nutritive evaluation of proteins, emphasis 
has been focussed largely on their essential amino 
acid content. However, Geiger (51) and Lever- 
ton (52), among others, have raised the question 
whether the dispensable amino acids may not at 
times become limiting. The present study sup- 
ports such a possibility. Of the amino acids whose 
concentration at some time falls below the fasting 
levels, notably alanine and glycine, but also pro- 
line, cystine, lysine, histidine and arginine, only 
lysine is considered indispensable for the adult 
human. Whether the already high nutritive value 
of whole egg could be increased by the addition 
of glycine or alanine is not known. The impor- 
tance in nutrition of amino acid balance is now 
being recognized (53, 54) and the present type of 
study may be helpful in understanding the mecha- 
nisms involved. 

The experimental data of the present work do 
not support the suggestion of Fisher (55) that the 
products of protein digestion may be absorbed as 
peptides rather than as free amino acids. Non- 
protein combined amino acids were followed in 
only two subjects, but there was no evidence that 
they increased in concentration after the protein 
meal at a time when the free amino acids were ris- 
ing significantly. Similar observations have been 


made by Christensen (2) and Dent and Schilling 
(6), who followed both portal and systemic venous 
blood, and by Stein and Moore (12). 


SUMMARY 


1, Free amino acids in the plasma from systemic 
blood have been determined by chromatography 
on columns of ion exchange resin in six normal 
subjects before, and at intervals up to eight hours 
after, a high-protein meal. 

2. Most of the amino acids increased in con- 
centration after the meal, but the rises did not 
parallel the relative amino acid composition of the 
food. Also, the relative distribution of the differ- 
ent amino acids in the plasma after the meal dif- 
fered from that in the fasting state. 

3. The concentrations of some of the amino 
acids, notably valine, leucine and isoleucine, rose 
markedly after the meal, and even after eight 
hours were higher than the fasting values. 

4. Some of the amino acids, notably alanine and 
probably glycine, fell to levels as low as 66 per 
cent of the fasting values in six to eight hours. 
Other amino acids which decreased after six to 
eight hours to values significantly below fasting 
were arginine, cystine, histidine, lysine and pro- 
line. 

5. Lysine, and to a lesser extent arginine, were 
characterized by a marked early rise in concen- 
tration followed by a leveling off or a decrease in 
the levels. 

6. The amino acids which increased moderately 
in concentration and which did not at any time 
fall below the fasting levels include glutamic acid, 
methionine, phenylalanine, serine, threonine and 
tyrosine. 

7. The factors which determine the effect of a 
protein meal on the levels of the plasma amino 
acids were discussed, as was also the application 
of the results to the study of protein nutrition. 
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Ammonium salts have been shown to have sig- 
nificantly different toxicities (LD,,’s) when ad- 
ministered intravenously under controlled condi- 
tions (1). This differential toxicity appeared to 
be related to the change in blood pH induced by 
each salt. 

The normal blood pH (7.4) is close enough to 
the pKbh of ammonia,” approximately 8.90 at 37° 
C. (2), so that any change in blood pH would 
significantly affect the ratio of unionized (NH,) 
to ionized (NH,*) ammonia. Based on two fac- 
tors, the greater tissue permeability to unionized 
particles (3-6) and the marked limitation of pas- 
sage of ionized particles by the blood-brain-barrier 
(7-9), it was postulated that a greater percentage 
of a given dose of ammonia might enter the brain 
as the blood pH rose because of an increase in the 
amount present as NH,. 

In order to test this hypothesis, blood pH and 
simultaneous blood and brain ammonia concen- 
trations were determined following the intravenous 
administration of LD,, doses of several ammonium 
salts. This was done on the assumption that since 
the primary toxic effect of ammonia appeared to 
be located in the central nervous system the brain 
levels would be relatively similar despite different 
LD,,. dosages of each salt. 


MATERIALS AND METHODS 


LD;, doses (1) of five ammonium salts dissolved in 1 
ml. of isotonic saline were rapidly injected into the tail 
veins of 18 to 22 Gm. Swiss albino mice. Heart blood 
was drawn at various intervals after injection. Immedi- 
ately thereafter the mice were frozen in liquid nitrogen. 

The blood ammonia concentration in a protein free 
preparation of 0.5 to 1.0 ml. of heart blood was determined 
by a microdiffusion technique (10). The control blood 


1 Present address: Peter Bent Brigham Hospital, 
Boston, Mass. 

2The term “ammonia” refers to ammonium ion plus 
free ammonia. 


ammonia concentration was 0.6 wg. per ml. Brain am- 
monia levels were determined by a modification (11) of 
this technique utilizing the entire frozen mouse brain. 
The brain was shelled out, ground to a fine powder with 
cold instruments, and added to 3 ml. of 3 per cent cold 
trichloracetic acid. The tubes were weighed before and 
after the brain was added, and were centrifuged at 3° C. 
The ammonia concentration of a 1 ml. aliquot of the 
supernatant was then measured by the previously men- 
tioned method (10) and the brain ammonia calculated 
from these data. Glutamine amide error was a con- 
stant 22 per cent of the control ammonia concentration 
of 4.0 wg. per Gm. of wet brain. 

The pH of heparinized heart blood obtained from live 
unanaesthetized animals was immediately determined at 
room temperature with a Beckman Model GS meter 
equipped with a 290-80 blood electrode. 

Electrocardiograms were obtained from pentobarbital 
anaesthetized mice during the intravenous injection of 
LD; doses of the five ammonium compounds. Elec- 
trodes were implanted subcutaneously as limb leads, and 
the recording was made on a Sanborn polyviso recorder. 


RESULTS 


Mice injected with ammonium chloride immedi- 
ately demonstrated agitated movements followed 
rapidly by the onset of coma. They either died 
following a tonic convulsion, within 15 minutes, 
or regained consciousness after 30 to 40 minutes. 
The other ammonium salts killed in a similar man- 
ner, but death occurred more rapidly and those 
which recovered did so in progressively less time. 
For instance, many mice injected with ammonium 
carbonate died within 15 seconds. This change 
in killing time paralleled the effect of the salts in 
increasing blood alkalinity. 

Control animals injected with 1 ml. of isotonic 
saline, and with dosages of sodium salts equimolar 
to those of the ammonium salts, exhibited no signs 
of toxicity. 

Since toxic symptoms appeared to be largely 
of cerebral origin, the passage of ammonia from the 
blood stream into the brain was studied, Follow- 
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Fic. 1. Bioop AND BraAIN AMMONIA LEVELS FOLLOWING THE INTRAVENOUS IN- 
JECTION OF 1,886 7 oF NH,-N In THE Form or NH,Ci (LD, Dose) 


* Three to six determinations at each time interval. 


ing the injection of an LD,, dose of ammonium 
chloride simultaneous blood and brain samples 
were taken at intervals up to 30 minutes (Figure 
1). The earliest blood samples obtainable (at 22 
seconds) revealed an ammonia concentration of 
501 pg. per ml. At 3 minutes it had decreased to 
82 pg. per ml. During the following 27 minutes an 
insignificant fall occurred. 

Analysis of the simultaneous brain samples as 
shown in Figure 1 revealed an extremely rapid 
initial increase in ammonia level. Although the 
maximum brain ammonia level recorded was at- 
tained in 180 seconds, 72 per cent of that level 


was achieved by 22 seconds. At 30 minutes the 


brain ammonia concentration had appreciably de- 
creased. 

The NH,-N content of the LD,, dose of am- 
monium chle-ide, acetate, bicarbonate, carbonate, 
and hydroxide varied inversely with their alkaliniz- 
ing effect on the blood pH (Table I). The differ- 
ences in NH,-N necessary to produce an LD,, were 
even more striking when blood levels were meas- 
ured 22 seconds following the injection of the com- 
pounds. As the alkalinity of the blood increased, 
the ammonia appeared to pass from the blood 
stream more rapidly: 80 per cent of ammonium 
chloride remained in the blood at 22 seconds, 
whereas only 36 per cent of ammonium carbonate 
and hydroxide remained. 


TABLE I 


Simultaneous blood and brain ammonia levels 22 seconds following the intravenous administration of 
LD doses of ammonium salts 











No. of ‘ . 4 
Ammonium Blood Amount pt Blood Blood ammonia rain Brain ammonia* 
compounds pH injected vations ammonia Ammonia injected/3t ammonia Blood ammonia 
ne. NHi-N ue. NH«-N/ ue. NHi-N/ 
tn 1 ml. ml.* Gm* 
Chloride 7.05 1,886 8 501 + 28 0.80 5445 0.11 + .012 
Acetate 7.23 1,748 7 434 + 30 0.74 60 +5 0.14 + .015 
Bicarbonate 7.48 1,415 9 272 + 20 0.58 62 + 3 0.23 + .020 
Carbonate 7.58 1,250 6 151 + 19 0.36 4542 0.30 + .040 
Hydroxide 7.74 707 9 85+ 5 0.36 34+ 3 0.40 + .042 





* Mean plus or minus standard error. 


+ 3 equals approximate blood volume (2 ml.) plus volume injected (1 ml.). 
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TABLE II 
Ammonia passage into the brain in the first minute following intravenous administration of LD doses * 

















Ammonium Ammonium Ammonium Ammonium Ammonium 
chloride acetate bicarbonate carbonate hydroxidet 
mete (1,886 ug. NH«-N) (1,748 wg. NHsa-N) (1,415 wg. NH«-N) (1,215 wg. NH«-N) (707 wg. NHa-N) 
er 
injection Brain ammonia, yug./Gm. 
5 35 + 2.2 33 + 1.8 39 + 1.5 35 + 3.5 21+ 1.5 
30 42+ 2.8 37 + 2.0 57 + 1.5 45 + 6.7 25 + 4.6 
60 43+ 1.1 61 + 3.0 59 + 4.2 40 + 0.6 21 + 2.0 








* Mean of three observations plus or minus standard error. 


{ Cardiac effect. 


There were remarkably small differences among 
the brain ammonia concentrations when they were 
determined simultaneously with the blood levels 
(Table 1). The primary toxicity of ammonium 
hydroxide, which produced the lowest brain level, 
later was found to be at a different site (vide in- 
fra). Although the amounts of NH,-N adminis- 
tered as the acetate and bicarbonate salts were less 
than the amount administered as the chloride salt, 
the brain ammonia concentration demonstrated a 
comparative increase in the passage of ammonia 
into the brain as the pH increased (Table I). 

In order to minimize traumatic factors, which 
might have increased brain ammonia levels (12), 
and to determine accurately the entrance of am- 
monia into the brain in the critical first minute, 
brain ammonia concentrations were obtained in 
mice which had not been bled previously. Five 
seconds following the injection of each salt (Table 
II), with the exception of ammonium hydroxide, 
the brain NH,-N levels were essentially the same. 
At 30 and 60 seconds the differences continued 
to show little relation to the amount administered, 
except for the brain NH,-N concentration of am- 
monium hydroxide, which remained significantly 
lower than the other. 

It was noted that when ammonium hydroxide was 
administered, the mice evinced unusual muscular 
contortions. On palpation immediately following 
the terminal tonic convulsion, the heart beat showed 
marked slowing and irregularity. This was con- 
trary to observations of mice given the other am- 
monium salts. These mice demonstrated no ap- 
preciable cardiac abnormalities. 

Electrocardiograms were performed during the 
injection of LD,, doses of the ammonium salts. 
These demonstrated that ammonium | chloride, 
acetate, bicarbonate, and carbonate had very little 


cardiac effect other than the production of a slight 
bradycardia while ammonium hydroxide caused 
slowing and irregularity, followed by asystole. 


DISCUSSION 


A relationship between the lethal dose of am- 
monia and blood pH was presented in a previous 
publication (1). This included a discussion of the 
literature of ammonia toxicity. In that study the 
decrease in the lethal dose of NH,-N which was 
associated with an increase in the blood pH was 
presumed to be due to an increase in the ratio of 
NH,/NH,*, since unionized ammonia (NH,) 
penetrates tissue barriers more easily than ionized 
ammonia (NH,*). Jaquez, Poppell, Lawrence 
and Roberts (13) followed by Lawrence and as- 
sociates (14) had previously noted the effect of 
pH and temperature on ammonia in terms of the 
partial pressure of ammonia gas. They hypothe- 
sized that ammonia passage into the tissues would 
be enhanced by increased blood pH. 

Milne, Scribner and Crawford (6) have sum- 
marized the theoretical and experimental evidence 
for the nonionic diffusion of weak acids and bases 
(including ammonia) in the stomach, kidney and 
pancreas. In general their discussion of diffusion 
in those organs pertains to the blood-brain-barrier 
(7-9) which acts similarly as a biological mem- 
brane, more permeable to the unionized fraction 
of weak base than to the ionized fraction. 

In this study LD,, doses of ammonium salts pro- 
duced signs of cerebral intoxication including coma 
Only one com- 
pound, NH,OH, was shown to have a severe 
cardiotoxic effect by electrocardiogram. Since the 
toxic effect of the ammonia appeared to be pri- 
marily a cerebral one, the concentration of the 


and generalized convulsions. 
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ammonia in the brain rather than in the blood 
would appear to be the important factor. If the 
brain level of ammonia were always a direct func- 
tion of the blood level, then the latter could be 
utilized as a measure of ammonia toxicity. How- 
ever this does not appear to be a constant re- 
lationship, particularly when there are variations 
in blood pH. 

As shown in Table I, the blood concentration 
of ammonia does vary directly with the intravenous 
dosage ; moreover the difference between each dos- 
age appears to be accentuated by differential rates 
of passage from the blood stream, apparently re- 
lated to the changes in blood pH. In spite of this 
the brain levels for all the compounds except 
NH,OH (vide supra) were remarkably similar 
(Table II). These data indicate that when there 
are variations in blood pH there is no direct re- 
lationship between blood ammonia concentration 
and the lethal effect of ammonia. The toxicity of 
ammonia appears to be cerebral in origin, and the 
LD,, does correlate with the relatively constant 
brain concentrations. 

The data indicate, further, that a given blood 
ammonia concentration may be more toxic when 
the blood pH is elevated. The practical implica- 
tions of this problem were discussed by Vanamee 
and co-workers (15), when they noted [con- 
firmed by Robin and associates (16)] that pa- 
tients in hepatic coma, usually with elevated blood 
ammonia concentrations, were frequently in re- 
spiratory alkalosis. 

The theoretical foundation of this study, based 
on the effect of pH on the ionization of ammonia 
in solution, supports the experimental findings. 
Calculations were made (1) showing that the ra- 
tio of NH, to NH,* for a given ammonia concen- 
tration varied directly with the blood pH. Conse- 
quently the quantity of ammonia entering the brain 
was approximately the same for each salt (except 
NH,OH) despite significant variations in the 
amount of NH,-N present in the LD,, doses 
(Table II). 

Although the ammonia concentration in the 
brain of mice at the LD,, appeared to be rela- 
tively constant, there were some variations (Table 
Il). For example, 50 per cent of the mice given 
ammonium carbonate were dead within 15 sec- 
onds. Nevertheless, the average brain levels of 


surviving mice given ammonium acetate and bi- 
carbonate were significantly higher at 60 sec- 
onds than any levels recorded in the mice which 
had received ammonium carbonate. Therefore, 
other factors beyond that of an overall critical toxic 
ammonia level for the brain must have been pres- 
ent: rate of change, localized changes, and intra- 
cerebral pH alterations might have modified tox- 
icity to a certain degree. 

Many investigators (17-21) have examined 
both peripheral and cerebral arteriovenous am- 
monia differences in patients with elevated blood 
ammonia levels. Most of the observations revealed 
no uptake of ammonia by brain and muscle, al- 
though some have shown an ammonia release (20, 
21). One group (21) has pointed out that all 
possibilities can occur in patients with high arterial 
ammonia concentrations, from uptake to equilib- 
rium and finally to release of ammonia by the 
brain. Determination of blood pH might have re- 
solved these seemingly inconsistent results. Aci- 
dosis might have decreased cellular absorption 
enough to bring about an equalization of arterial 
and venous ammonia levels. Alkalosis might have 
significantly increased tissue uptake. 

A relationship between ammonia toxicity and 
hepatic coma has been established in many patients 
with liver disease through the administration of 
high protein diets and oral ammonium salts. Nev- 
ertheless, a consistent correlation between the state 
of consciousness and the blood ammonia level 
alone (venous or arterial) never has been estab- 
lished. According to our studies the peripheral or 
cerebral venous ammonia concentration actually 
may show an inverse relationship to the state of 
coma. In alkalosis the venous ammonia level may 
be low in spite of high arterial levels due to in- 
creased tissue uptake. In acidosis the reverse 
could hold. A solution to this problem may be 
achieved by combining the results of arterial am- 
monia and blood pH determinations. A correla- 
tion between blood ammonia levels and state of 
consciousness in some patients in impending coma 
or frank hepatic coma then may be possible. 


SUMMARY 


1. Intravenous LD,, doses of five ammonium 
salts with different blood pH effects were injected 
into mice. Simultaneous blood and brain am- 
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monia concentrations and blood pH’s were de- 
termined. 

2. In spite of appreciable differences in the 
NH,-N content of the LD,, dose of each salt 
there were remarkably small differences among 
the brain NH,-N concentrations. The sole ex- 
ception was ammonium hydroxide, which was 
shown to be primarily a cardio-toxic rather than 
a cerebro-toxic drug. 

3. The different rates of passage of ammonium 
salts across the blood-brain-barrier were related 
to their different effects on blood pH. As the 
blood pH was increased by the salt, the amount 
of unionized ammonia (which easily crosses tissue 
barriers) increased relative to that of ionized am- 
monia (which does so poorly). 

4. The variable results obtained in brain and 
muscle arteriovenous ammonia experiments, and 
the lack of correlation between blood ammonia 
levels and state of consciousness in hepatic coma 
patients were discussed. 
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Evidence has recently been acquired that the 
unesterified fatty acids (UFA) present in human 
blood plasma are of great metabolic significance, 
apparently functioning as a transport form of 
lipid readily available as a substrate for oxida- 
tion. This evidence includes studies of UFA 
arteriovenous differences and studies of the re- 
sponsiveness of plasma UFA concentration to 
changes in dietary status and to the administra- 
tion of hormones (1-3). Furthermore, turnover 
studies have demonstrated an extremely rapid 
turnover of this lipid fraction. After intravenous 
injection of C-labeled UFA, plasma activity 
declined with initial half-times of two to three 
minutes in the fasting human subject (4, 5), and 
with even shorter half-times in the rat (6) and 
the dog (7). In these studies, labeled CO2 was 
found in expired air within minutes after the 
injection of labeled UFA and, in the human sub- 
ject, reached its peak specific activity in about 
30 minutes (5). 

Quantitative investigations of the interaction 
of unesterified fatty acids with human serum 
albumin and with human lipoproteins have re- 
vealed the fatty acids to be tightly bound by 
these proteins, particularly by albumin (8, 9). 
On the basis of albumin binding alone it has 
been estimated that in normal human plasma 
less than 0.01 per cent of plasma UFA exists free 
(unbound) in solution (8). The problem there- 
fore emerges of the mechanism whereby plasma 
UFA, which exists tightly bound to serum albu- 
min, is rapidly transported to intracellular loci 
of oxidation (mitochondria), with the extremely 
rapid turnover described above. One suitable 
hypothesis would be to postulate the existence of 
receptor sites on cell surfaces which are able to 
bind UFA tightly enough to compete with serum 
albumin. Such sites, if capable of exchanging 
UFA rapidly, could serve as intermediates in the 
transfer of plasma UFA from serum albumin to 


intracellular loci. In order to test this hypoth- 
esis the interaction of human erythrocytes with 
a long-chain fatty acid salt, sodium palmitate, 
has been studied by measuring the distribution 
of the fatty acid between erythrocytes and serum 
albumin. The results of these studies are re- 
ported herein. 


MATERIALS AND METHODS 


Materials. Palmitic acid of high purity was supplied by 
the Hormel Institute. Its melting point was 63 to 64° C. 
(literature, 63 to 64°). Palmitic acid-1-C“ was obtained 
from the Nuclear Instrument and Chemical Corporation 
of Chicago. Its specific activity was 2.45 mc. per mM. 
Counter-current distribution of this material in a 25 tube 
system, by the method of Ahrens and Craig (10), revealed 
the presence of 4 to 5 per cent of the radioactivity in a 
peak of much greater polarity than the main body of the 
material; this was presumed to represent a short-chain 
fatty acid impurity. The rest of the radioactivity dis- 
tributed itself in a single symmetrical peak. The palmitic 
acid-1-C4 was partially purified before use (after analysis) 
by dissolving it in a 1:1 mixture of isooctane-glacial acetic 
acid, adding one-tenth volume water to achieve separation 
into two phases, and discarding the acetic acid phase. 
This procedure removes most of the short-chain fatty acids 
from a mixture of short- and long-chain fatty acids (11). 

Solutions of sodium palmitate (unlabeled) and sodium 
palmitate-1-C' were prepared as previously described (12). 
The concentration of the unlabeled sodium palmitate solu- 
tion was determined gravimetrically and verified by titra- 
tion (12); other solutions were made from the initial one 
by dilution. The concentration of the sodium palmitate- 
1-C* solution was determined from its concentration of 
radioactivity and specific activity, using the calibration 
standards of this laboratory. 

The UFA-poor human serum albumin used in these 
experiments was identical with a previously described prep- 
aration (13). This albumin was a sample of Fraction V 
of Cohn, the long-chain fatty acid content of which had 
been reduced to 0.1 M per M or less by extracting the 
lyophilized protein with 5 per cent glacial acetic acid in 
isooctane. Albumin solutions were freshly prepared for 
each experiment by dissolving some of the lyophilized 
protein (stored at —10°) in distilled water. The concen- 
tration of each solution was determined by comparing its 
optical density at 279 my as read in a Beckman quartz 
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spectrophotometer to the optical density of a standard 
albumin solution whose concentration had been determined 
by Kjeldahl analysis for nitrogen. Sixty-nine thousand 
was taken as the molecular weight of albumin for the cal- 
culation of molar concentrations. 

Slightly outdated normal whole blood which had been 
collected in acid-citrate-dextrose (ACD) solution was ob- 
tained from the Blood Bank of the Clinical Center. After 
removal of the plasma, the red cells were twice washed by 
suspension in a solution of phosphate buffer, pH 7.45, ionic 
strength 0.160 (0.061 M), which was also 0.077 M in NaCl. 
This solution of phosphate buffer-NaCl is isotonic with 
respect to plasma. The concentration of red cells in the 
final preparation (in units of millions of red cells per cu. 
mm.) was determined by counting the red cells in two 
chambers of a conventional hemacytometer. 

Red cell ghosts were prepared by dilution hemolysis 
according to the method of Ponder (14). The final prepa- 
ration of ghosts was suspended in a total volume equal to 
the volume of packed red cells used in its preparation. 
An estimated loss of approximately 30 per cent occurred 
during the process of preparing the ghosts. The concen- 
tration of ghosts in the final preparation was hence taken 
as seven-tenths times the initial concentration of red cells. 
This estimate is in no way critical in the calculations. 

Phosphate buffer was prepared as a stock solution of 
10 times the desired ionic strength; dilution of this solution 
1 in 10 resulted in a solution of pH 7.45 and ionic strength 
0.160. 

Method. The experimental technique employed con- 
sisted in the equilibration of increasing quantities of sodium 
palmitate in a mixture of equal volumes of the preparation 
of red cells (or ghosts) and a solution of serum albumin in 
isotonic phosphate buffer-NaCl. Equilibration was con- 
ducted in a series of ground glass stoppered 50 ml. centri- 
fuge tubes. To each tube were added 2 ml. of the serum 
albumin solution, 1 ml. of the stock concentrated phos- 
phate buffer, 1 ml. of a solution of 0.770 M NaCl, 1 ml. of 
the sodium palmitate-1-C™ solution, 0 to 5 ml. of an un- 
labeled sodium palmitate solution, and enough distilled 
water to make a total volume of 10 ml. The final concen- 
tration of serum albumin was slightly greater than 1 X 10-4 
M per L. The total quantity of fatty acid in each 
series of tubes ranged over more than one order of magni- 
tude. To each tube 10 ml. of the red cell (or ghost) prepa- 
ration was then added, and the tubes equilibrated by being 
gently tilted back and forth, at the rate of 30 times per 
minute, for one hour. It was found that equilibration 
was more than 95 per cent complete at one hour, as com- 
pared to six hours. The tubes were then centrifuged for 
20 minutes at 1,500 rpm and the clear albumin solutions 
carefully drawn off. The packed red cells (or ghosts) 
were washed three times by suspension in 10 ml. of isotonic 
phosphate buffer-NaCl solution, followed by centrifuga- 
tion. All experiments were conducted in an air condi- 
tioned laboratory at 23 + 1°C. 

After equilibration, the albumin solutions and the washed 
red cells were analyzed as follows. In the experiments 
with intact red cells, measured aliquots of each albumin 
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solution and each red cell phase were lyophilized, and ex- 
tracted with 25 ml. of a 1:1 mixture of isooctane-glacial 
acetic acid. The mixtures were then split into two phases 
and the isooctane phases washed according to the method 
of Gordon (3). Aliquots of the isooctane phases (con- 
taining all the palmitic acid) were measured into small 
vials and evaporated to dryness. In the experiments with 
ghosts, aliquots of the albumin solutions and the ghosts 
were extracted with 25 volumes of a solution of ethanol: 
acetone (1:1), and portions of the extraction solutions 
measured into vials and evaporated to dryness.!_ To each 
vial (in both the red cell and ghost experiments) was then 
added 15 ml. of a scintillation solution consisting of 400 mg. 
per cent diphenyloxazole (DPO, Pilot Chemicals Inc.) in 
toluene. The concentration of radioactivity in each vial 
was measured with a Packard Liquid Scintillation Spec- 
trometer (efficiency, ca. 60 per cent; background, ca. 15 
cpm). Enough counts were recorded so that the standard 
error of each measurement was 1 per cent or less. From 
these measurements the total number of cpm associated 
with each albumin solution and each red cell phase was 
calculated. The total recovery of cpm was within 5 per 
cent of the expected recovery in each tube. The total 
number of moles of palmitate associated with each albumin 
solution and each red cell phase was then calculated as the 
per cent of recovered cpm times the known amount of 
palmitate added to each tube. The average number of 
moles of palmitate bound per 10° red cells was calculated 
by dividing the number of moles of palmitate found in 
each red cell phase by the measured number of red cells 
in millions. Finally, the average number of palmitate 
ions bound per albumin molecule, 7, was determined by 
dividing the number of moles of palmitate in each albumin 
solution by the number of moles of albumin present. This 
calculation assumes that all the palmitate in the albumin 
solution was bound to the protein; the results of a previous 
study (8) indicate that the error in this assumption is less 
than 1 per cent at all concentrations herein employed. 


RESULTS 


A. Intact red cells 

The results of the experiments with intact red 
cells are presented in Table I and are shown 
graphically as the solid circles in Figure 1, in 
which 9, the average number of moles of palmi- 
tate bound per mole of serum albumin, is plotted 
against the number of moles of palmitate bound 
per 10° red cells. Inspection of Table I reveals 
that in the concentrations employed a significant 
fraction of the palmitate was bound by the red 
cells. The fraction of palmitate bound by the 


1 The more laborious extraction procedure was employed 
in the experiments with red cells in order to be able to 
titrate the UFA concentration of the albumin solutions 
(vide infra). This was not done in the experiments with 
ghosts. 
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TABLE I 
Binding of palmitate by albumin and erythrocytes in vitro 
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Palmitate in each Measured 
% of total Total phase at equilibrium total UFA 
Tube cpm with palmitate % to Palmitate bound in HSA 
no.* "s added HSA RBC HSA to RBC’s p 

uM uM calculated M/10* RBC uM 
1 5.79 0.82 0.77 0.047 0.68 0.049 x 10 0.5 
2 9.45 1.41 1.28 0.13 139 0.14 x 10™ 1.1 
3 14.8 2.58 2.20 0.38 1.96 0.40 x 10 yO j 
4 21.1 3.75 2.96 0.79 2.61 0.83 x 107! 25 
5 22.3 4.72 3.67 1.05 3.24 1.10: X 10-™ 3.4 
6 27.6 5.70 4.12 1.58 3.64 1.66 x 10™ 3.6 
7 32.7 7.65 5.15 2.50 4.54 2.62 X10 5.2 
8 36.1 10.6 6.75 3.82 5.96 4.00 x 10™ 6.1 





* Each tube contained 1.13 X 10~$ M of human serum albumin (HSA) and 9.54 X 10” red blood cells (RBC). 





red cells is small at values of » below 2, but 
increases steadily as the total amount of palmi- 
tate present increases. 

Calculation of the number of binding sites and 
their association constants. Scatchard and co- 
workers have shown (15-17) that the binding of 
an anion, A, to several classes of sites on a pro- 
tein molecule may be formulated as: 

nik’aica 
x 1 + k’asca 1) 
in which k’,; is the apparent association constant 
for each of the nj; sites in class i under any par- 
ticular set of conditions, and ca is the free (un- 
bound) concentration of A in equilibrium with 
the protein. The apparent association constant, 
k’ai, is valid only for the particular experimental 
conditions employed (ionic strength, pH, tem- 
perature, and so forth), and is related to the 
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Fic. 1. RELATIONSHIP OF PALMITATE BINDING BY 
ERYTHROCYTES TO BINDING BY SERUM ALBUMIN 


intrinsic association constant, k®°,;, by a number 
of factors which correct for the effects of electro- 
static interactions, competition with other ions, 
and the hydrogen ion equilibrium of the binding 
sites. These factors have been discussed in de- 
tail elsewhere (8). 

In a recent publication, quantitative studies 
of the interaction of human serum albumin with 
several long-chain fatty acid anions were reported 
(8). The fatty acids studied included lauric, 
myristic, palmitic, stearic, oleic and linoleic acids. 
The conditions employed (pH 7.45, 23° C., phos- 
phate buffer, ionic strength 0.160) were identical 
with the conditions used in the present studies, 
except for the additional presence of NaCl in the 
present experiments (to make the solutions iso- 
tonic; ionic strength 0.24).2 Analysis of the data 
in terms of Equation / revealed that in every 
case there were three classes of sites which bound 
the fatty acid anions on the serum albumin mole- 
cule. The number of sites in each class were: 
n; = 2, ne = 5, n3 = 20. There are therefore a 
total of 27 sites on the serum albumin molecule 
which are able to bind fatty acid anions. Of 
these, two sites bind fatty acids extremely tightly, 
five sites somewhat less tightly, and the remain- 
ing binding sites are relatively weak. 

In the same study, the values of the associa- 
tion constants for each class of sites were reported 
for each fatty acid studied. The values of these 
constants for palmitate are: k,’ = 6.0 X 10’; 


2 The addition of this much NaCl has very little effect 
on palmitate binding to serum albumin (unpublished ob- 
servations) and has been neglected in the subsequent 
analysis. 
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kp’ = 3.0 X 10°; k;’ = 1 X 10% Substituting 

these values of k’ and the above values of n into 

Equation / therefore yields the following expres- 

sion for palmitate binding to serum albumin: 


1.2 XK 108 Lem aet. . Smee 
1+6X10% © 1+3X10% 1+ 10%’ 


Let us now consider the present experiments, 
in which the distribution of palmitate between 
red cells and serum albumin has been measured 
at a number of different values of >. From 
these data one can determine the number of sites 
on red cells which are able to bind palmitate ions, 
and the tightness of this binding (7.e., the asso- 
ciation constants). This was done as follows: 

It was first assumed that there is a single class 
of sites on the red cells which is able to bind 
palmitate ions; this assumption will be validated 
below. If we then let R be the number of moles 
of binding sites per 10° red cells, and k,’ be the 
apparent association constant for each site, the 
application of Equation J‘ yields the binding 
equation : 


+ 2) 





— 


> = 


. Rk’ 
¥~“T+kc 


in which 7 is the average number of moles of 
palmitate bound per 10° red cells. Solving for c 
in Equation 3 and substituting this expression 
for c into Equation 2 then yields an equation 
relating the experimentally measured quantities, 
y and ¥, to the two unknowns, R and k,’, 


3) 








am 1.2 X 1085 
” ~ Rk, + 9(6 X 107 — ky’) 
nt 1.5 X 10°F 
Rk,’ + ¥(3 X 10° — k,’) 
2X 1045 
+ ate 4) 





Rk,’ + 7 (108 — k,’) ° 


By the method of successive approximations, 
the values of R and k,’ which would best fit the 
experimental data were then determined. These 
values are: R = 5.3 X 10-"; k,’ = 2.2 108. 


3 As discussed in Reference 8, the values of nz and k,’ 
are known with less precision than those of n; and kj’, 
and the values of n; and k;’ are to be regarded as only 
little more than approximations. 

4Equation / is just a special form of the mass action 
expression and is equally valid for red cells as for proteins, 
so long as equilibrium exists between bound and free small 
(palmitate, here) ions and units are properly chosen. 
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The closeness with which these values describe 
the experimental data can be seen by inspection 
of Figure 1. The solid curve drawn in this figure 
is a plot of Equation 4, using these values of R 
and k,’. The fact that such a good fit can be 
obtained with a plot of Equation 4 validates the 
initial assumption that there is a single class of 
binding sites on the red cells. If there were two 
or more different classes of sites it would be im- 
possible to find values of R and k,’ which would 
result in a plot of Equation 4 which would give 
nearly this close a fit. In addition, it should be 
pointed out that the distribution of the experi- 
mental data is such that the solution of Equa- 
tion 4 for R and k,’ is almost unique. 


B. Red cell ghosts 


The results of the experiments using red cell 
ghosts instead of intact red cells are also plotted 
in Figure 1, as open triangles. The results ob- 
tained with the ghosts are very similar to those 
obtained with intact red cells. It is hence appar- 
ent that the ability of red cells to bind palmitate 
ions is a property of the ghosts, and that the 
binding sites discussed above must be located in 
the ghosts. 


C. Effect of inhibition of red blood cell metabolism 


In order to treat red cell binding of palmitate 
ions as a simple chemical equilibrium reaction, 
it is necessary to demonstrate that this binding 
is not dependent upon the metabolic activity of 
the cell, but rather only requires the intact con- 
figuration of the binding sites. This was done 
by preparing two duplicate tubes (with intact 
red cells) and adding to one of them KCN, to 
give a final concentration of 0.02 M, and 2-deoxy- 
D-glucose (Aldrich Chemical Corp.) to give a 
final concentration of 30 mg. per ml. This quan- 
tity of 2-deoxy-p-glucose is enough to inhibit the 
glycolysis of whole blood by more than 90 per 
cent (18). The distribution of palmitate be- 
tween serum albumin and red cells was then 
measured as described above. The binding of 
palmitate by the red cells was found to be iden- 
tical in the two tubes, with 38.1 per cent of the 
palmitate bound to the red cells in the tube 
without the CN- and deoxy-glucose, and 38.6 
per cent bound to the red cells in the tube with 
these additions. 
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D. Chemical analysis of the bound palmitate 


Analyses were performed to demonstrate that 
the labeled palmitate extracted from the red cells 
after equilibration was still present as an un- 
esterified fatty acid. Aliquots of several of the 
isooctane extracts of the red cells were combined, 
and the phospholipids adsorbed onto a silicic acid 
column (19).6 The remainder of the extract was 
separated into neutral lipid and unesterified fatty 
acid fractions by using the solvent partition 
method of Borgstrom (20). The phospholipids 
were eluted from the silicic acid column with 
absolute methanol. The three fractions (phos- 
pholipids, neutral lipids and unesterified fatty 
acids) were then separately analyzed for radio- 
activity. The total recovery of radioactivity in 
the three fractions was 95 per cent. Of this, 
only 1.2 per cent was found in the neutral lipid 
fraction, and 2.5 per cent in the phospholipid 
fraction. These figures are within the limits of 
error of the techniques employed, and demon- 
strate that essentially all the labeled material 
recovered from the red cells was still present as 
unesterified fatty acid. 

An experiment was also performed to rule out 
the possibility that some of the palmitate found 
in the washed red cells was still bound to albu- 
min. An equilibration tube was prepared in the 
usual manner, and to it was added 0.3 uc. of [)*!- 
labeled albumin (RISA®, Abbott). After equi- 
libration the red cells were analyzed for both C“ 
and I! activity. ['*! activity was measured in 
a well-type scintillation counter. It was found 
that whereas 34.1 per cent of the C" activity was 
present in the red cells, only 0.3 per cent of the 
I! activity was present in the red cells. This 
indicated that a negligible quantity of albumin 
was present in the washed red cells, and that the 
palmitate found there was indeed bound to the 
red cells. 


E. Further measurements 


A final check of the validity of the formula- 
tions described above was undertaken by titrating 
aliquots of the isooctane extracts of the albumin 
solutions for UFA content, using the method of 
Gordon (3). The results of these titrations were 


5 This was kindly performed by Dr. D. Frederickson 
and Mr. K. Ono. 


then converted to total micromoles of UFA pres- 
ent in each albumin solution, and are listed in the 
last column of Table I. If the formulations 
herein employed are correct, these values should 
correspond to the palmitate content as calculated 
from the distribution of radioactivity These 
latter values are listed in the fourth column of 
Table I. It can be seen that the agreement is 
fairly good, with the measured values varying 
between 75 and 100 per cent of the calculated 
values. Most of the variation probably resulted 
from the experimental error of the UFA titra- 
tions, which was +0.4 4M UFA per solution in 
these experiments. These results clearly elimi- 
nate the possibility of some gross error being 
involved in the analytic formulations, such as 
would occur if the labeled palmitate found in the 
red cells resulted from an exchange reaction be- 
tween the palmitate of the solution and some 
acidic component of the red cells. The treat- 
ment of the data in terms of a distribution of 
palmitate between the binding sites of albumin 
and red cells is therefore validated. 


DISCUSSION 


The experimental results presented above 
demonstrate that human erythrocytes interact 
strongly with large numbers of palmitate ions, 
and that this interaction can be described by a 
mass action expression. It has also been shown 
that the binding sites are located on the red cell 
ghost, and that the binding reaction is independ- 
ent of the metabolic activity of the cell. Analy- 
sis in terms of a single class of binding sites has 
revealed that there are 5.3 X 10-" M of binding 
sites per 10° red cells, and that the apparent 
association constant for each of these sites is 
2.2 X 10°. This number of moles of binding 
sites per 10° red cells can be converted to an 
equivalent value of 3.2 X 107 binding sites per 
single red cell, by multiplying by Avogadro’s 
Number and dividing by 10%. Furthermore, if 
we divide this number by the average surface 
area of a normal red cell, 135 yu? (21), we arrive 
at a value for the surface density of binding sites, 
namely that there is one binding site per 420 
square angstroms of red cell surface. These fig- 
ures show that red blood cells possess an ex- 
tremely large capacity for binding palmitate ions. 

The value of the association constant for the 
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red cell binding sites is very close to that of the 
second class of binding sites on serum albumin 
(3.0 X 10°). The red cell sites can hence com- 
pete with the second class of albumin binding 
sites on an almost equal basis. The association 
constant for the first class of albumin binding 
sites is, however, more than an order of magni- 
tude greater than this. The red cells cannot 
therefore effectively compete with serum albumin 
until the first class of albumin binding sites is 
saturated (i.e., until # is 2 or more). In normal 
human plasma the concentrations of both serum 
albumin and unesterified fatty acids are close to 
5 X 10-*M per L. This corresponds to a value 
of of 1. If we assume that all the unesterified 
fatty acids behave similarly to palmitate, we 
find, from Figure 1, that the corresponding num- 
ber of moles of UFA bound per 10° red cells is 
0.13 KX 10-". Multiplying by the normal level 
of red cells in whole blood then indicates that 
normally only 1 to 2 per cent of the UFA will 
exist bound to red blood cells. 

The demonstration of a high density of potent 
binding sites on the red cell ghost provides ex- 
perimental support for the hypothesis that the 
initial step in plasma UFA metabolism involves 
the transfer of UFA from serum albumin to re- 
ceptor sites on cell surfaces. In order for this 
hypothesis to be correct it is only necessary that 
there be a large number of rapidly turning over 
binding sites with association constants within 
one or two orders of magnitude of the albumin 
association constants. Under physiologic 7 vivo 
conditions a true chemical equilibrium is prob- 
ably never achieved between the binding sites on 
serum albumin and on cell surfaces, because fatty 
acids bound to the cell surfaces are probably 
rapidly transferred inside the cells. The turn- 
over rate of these binding sites is hence extremely 
important and may, in fact, be the limiting factor 
in plasma UFA turnover. Nothing is known 
about the turnover rate of these binding sites, or 
about the subsequent steps whereby the fatty 
acids are brought within the cells and to mito- 
chondrial loci of oxidation. These later steps 


may involve enzymatic processes such as activa- 
tion, but there are other equally feasible mecha- 
nisms which might be postulated. 

A similar concept of fatty acid uptake by 
tissues has been advanced by Fillerup, Migliore 
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and Mead (22), who measured the absorption of 
palmitate-1-C™ by ascites tumor cells in the pres- 
ence of serum albumin. They found that in the 
presence of enough KCN to inhibit the respira- 
tion of the cells, a large percentage of the labeled 
palmitate was found associated with the cells. 
This indicated that the cells could absorb palmi- 
tate from an albumin solution in the absence of 
cell respiration. They suggested that this proc- 
ess of absorption is one of passive partition 
between the medium and the cell surface. Their 
experiments did not differentiate, however, be- 
tween surface and internal binding of palmitate 
on the part of the tumor cells. 

It is true, of course, that red blood cells are 
atypical cells, and that results obtained with red 
cells cannot be unreservedly applied to other 
cells. Red cells were selected because of the 
ease with which they can be studied in a truly 
quantitative fashion, and because of the fact that 
the surface membrane and its associated compo- 
nents (the ghost) can be obtained separately. 
If one assumes, however, that other tissue cells 
have a density of binding sites and association 
constants at all approaching the values found for 
red cells, the reasonableness of the above hy- 
pothesis becomes apparent. The total surface 
area of tissue cells adjacent to capillaries is much 
larger than the total red blood cell surface area. 
It is thus easy to visualize how a large fraction 
of the plasma UFA could be removed by surface 
binding sites of tissues, in a single circulation 
through the tissues. If the fatty acids are able 
to be transferred inside the cells with great 
rapidity, the observed very rapid turnover times 
become understandable. In any event, further 
studies of this kind using other tissues should 
provide insight into the details of the mecha- 
nisms of unesterified fatty acid metabolism. 


SUMMARY 


The interaction of human erythrocytes with 
sodium palmitate has been studied by measuring 
the distribution of varying quantities of palmi- 
tate between human erythrocytes and human 
serum albumin. The conditions employed were 
isotonic phosphate buffer-NaCl, pH 7.45, ionic 
strength 0.24, 23°C. Analysis of the results in 
terms of a single class of binding sites on the 
erythrocytes has revealed that there are 5.3 X 
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10-" M of binding sites per 10° erythrocytes, and 
that the apparent association constant for each 
of these sites is 2.2 X 108. This number of bind- 
ing sites is equivalent to 3.2 X 107 binding sites 
per erythrocyte. It has also been shown that 
the binding sites are located on the erythrocyte 
ghosts, and that the binding reaction is inde- 
pendent of the metabolic activity of the cell. 
The results have been discussed in terms of the 
hypothesis that the initial step in plasma un- 
esterified fatty acid metabolism involves the 
transfer of unesterified fatty acids from serum 
albumin to receptor binding sites on cell surfaces. 
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SERUM PROTEIN CHANGES IN THERMAL TRAUMA. 





I. ELECTRO- 


PHORETIC ANALYSIS AT pH 8.6 


By GERARD F. LANCHANTIN? anp RUTH EDWARDS DEADRICK 


(From the United States Army Surgical Research Unit, Brooke Army Medical Center, 
Fort Sam Houston, Tex.) 


(Submitted for publication December 31, 1957; accepted August 4, 1958) 


It is a well established fact that the circulating 
proteins of the human are profoundly affected by 
surgical, accidental and combat trauma. The 
medical literature on this topic emphasizes the 
remarkable quantitative and qualitative changes in 
intracellular and extracellular protein constituents 
occurring after and in response to injury. Funda- 
mental information concerning these metabolic 
alterations as well as shifts in body water and 
electrolytes are of paramount importance in the 
development of basic concepts of treatment. 

This study concerns itself with the quantitative 
changes in the serum electrophoretic pattern of 
patients who had sustained a thermal injury. Al- 
though there is a large body of literature pertain- 
ing to the alterations in the various serum elec- 
trophoretic protein components in human disease 
(1-4), there are relatively few reports dealing 
with postsurgical experiences (5, 6) and thermal 
trauma (7, 8). 


METHODS AND MATERIALS 


I. Laboratory methods. A. Collection of specimens. 
Blood was obtained by venipuncture of the antecubital 
fossa of normal individuals and from the most accessible 
site in burned patients. In six of the cases studied, speci- 
mens were obtained within seven hours following injury. 
Otherwise, all blood samples were collected in the fasting 
state every other day postburn and no specimens were 
obtained immediately after a blood transfusion or surgical 
procedure. All chemical and electrophoretic analyses 
were performed on nonhemolyzed serum. Blister bleb 
fluid was collected by needle aspiration and analyzed 
following coagulation. 

B. Analysis of serum total protein. Serum protein 
was measured by the Biuret method of Wolfson and Cohn 
(9). 

C. Moving-boundary electrophoresis. In preliminary 
studies, some of which will be mentioned herein, sera 
were analyzed by moving-boundary electrophoresis at 
pH 8.6 in the Tiselius Apparatus according to methods 


1 Present address: Biochemistry Department, Cedars of 
Lebanon Hospital, Los Angeles, Calif. 


Several 
electrophoretic measurements were also carried out in 


outlined by Reiner, Fenichel and Stern (10). 


acetate buffer pH 4.5 in the same system (11). In gen- 
eral, filter paper electrophoresis was found to be better 
adapted to this type of study because of the difficulty in 
obtaining blood from severely burned patients and this 
technique was employed throughout the major portion of 
this investigation. 

D. Filter paper electrophoresis. Sera were analyzed 
by electrophoretic separation on filter paper in veronal 
buffer at pH 8.6 for 16 hours using a Spinco Model M 
Apparatus. Details of the method as well as the pro- 
cedure used in dying the paper strips are available else- 
where (12). The dye stained strips were scanned with a 
Spinco Model RA Analytrol Densitometer and the per 
cent composition of the electrophoretic components cal- 
culated from the tracings of the automatic integrator. 
The per cent composition of each serum fraction was 
then multiplied by the serum total protein level to obtain 
an estimate of the protein concentration of each com- 
ponent. No correction was made for albumin “trailing” 
or differences in dye binding capacity of the various frac- 
tions. A statistical analysis of replicate serum specimens 
obtained from normal individuals and burned patients 
demonstrated a reproducibility consistent with that re- 
ported by others (13) using this method. The mean con- 
centration and standard deviation (in gram per cent) 
for serum total protein and the electrophoretic com- 
ponents of sera collected from 25 young military person- 
nel in good health were as follows: albumin, 3.4 + 0.2; 
alpha-l globulin, 0.38 + 0.03; alpha-2 globulin, 0.83 + 0.18; 
beta globulin, 1.01+0.2; gamma globulin, 1.45 + 0.25; 2 
total protein, 7.04 + 0.16. 

II. Clinical material. A summary of the pertinent 
clinical features of the patients studied in this investiga- 
tion is presented in Table I. Cases have been tabulated 
in order of increasing burn severity as estimated on the 
basis of the burn index. The burn index (B.I.) was 


2 When the normal equivalent deviate (14) was plotted 
against the concentrations of each set of individual com- 
ponents, the alpha-2 and gamma globulin components 
were found to present a curve of positive skewness indi- 
cating non-normal distribution. A similar finding was 
obtained with the moving-boundary data. This is per- 
haps not surprising in view of the fact that a large 
series of serum total globulin determinations on healthy 
individuals demonstrated non-normal distribution (15). 
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TABLE I 


Summary of cases studied 








Per cent burnt 





Patient Burn 
no. Sex Age index* Total 3rd Survivalt Remarks 
Group I 
1 M 23 2 7 0 S 
2 M 21 3 13 0 S 
3 M 21 + 15 0 S 
4 M 24 6 7 § S 
5 M 21 7 13 5 S 
6 F 35 8 15 5 S 
7 M 36 10 10 10 S Electrical burn 
Group II 
8 M 32 12 19 9 S Fractured humerus 
9 M 21 13 25 9 S 
10 M 23 13 25 9 S Homologous serum jaundice 
11 M 49 14 27 10 E Hepatic parenchymal degeneration 
12 F 57 16 24 13 S 
13 M 31 17 22 15 S 
14 M 18 18 35 12 S 
15 M 24 20 31 16 2 
16 M 23 21 38 15 S 
Group III 
17 M 26 24 54 17 S Proven septicemia 
18 M 18 25 47 18 S 
19 M 20 30 45 25 S 
20 M 21 33 39 31 E Proven septicemia 
Curling’s ulcer 
21 M 59 34 Ad 31 E Clinical septicemia 
22 F 34 34 45 30 S Thrombophlebitis 
23 M 23 36 55 29 E Clinical septicemia 
24 F 17 38 82 20 E Proven septicemia 
Curling’s ulcer 
25 M 21 41 42 40 S Clinical septicemia 
26 M 19 45 63 39 = Proven septicemia 
27 M 36 48 55 45 E Proven septicemia 
28 M 24 53 69 48 E Septicemia 





*B.I. = per cent area third degree burn + 14 area second degree turn. 
t All estimates of per cent and area of burn are final estimations. 


TS, survived; E, expired. 


calculated in a manner similar to that of Bull and Squire 
(16) by the formula: 


B.I.= per cent area third degree burn 
+U4area second degree burn. 


This formula has been used in similar studies of serum 
protein levels in burns (17) and has been demonstrated 
to be the best index in the evaluation of the nitrogen 
metabolism following thermal injury (18). 

The per cent of burn area was estimated clinically by 
the rule of nines (19) in which the body surface is divided 
into areas representing 9 per cent or multiples of 9 per 
cent: the head and neck, 9 per cent; anterior trunk, 
2X9 or 18 per cent; posterior trunk, 18 per cent; each 
lower extremity, 18 per cent; each upper extremity, 9 
per cent; and the perineum, 1 per cent. Since initial 
estimates of burn involvement are commonly overesti- 
mated, all values given are based on the final estimation 
of the patient’s injury after excision, grafting, and so 
forth. 


For purposes of tabulation and discussion, the patients 
listed in Table I have been arbitrarily broken down into 
three groups. Group I includes those patients who sus- 
tained a third degree injury of less than 10 per cent and 
whose B.I. was less than 10. Group II consisted of nine 
patients having a range in B.I. of 12 to 21. Cases in 
Group III were the most severely injured, having a range 
in B.I. of 24 to 53. Of these 12 cases, 9 had proven or 
clinical septicemia (75 per cent) and 6 expired (50 per 
cent). All patients were studied within a 10 month 
period so that established methods of treatment were 
essentially similar in each case (20). 


RESULTS 


Figures 1 through 4 present data on the altera- 
tions of the serum levels of total protein and elec- 
trophoretic components of 14 patients who had 
sustained a third degree thermal injury of greater 
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The dashed horizontal line represents the mean of normal values (see 


text). 
the mean. 


The solid horizontal lines represent two standard deviations from 
Day 0 postburn is the day of injury. The individual tabulation 


of each burn group is presented in Table I. 


than 12 per cent of the body surface. Albumin 
and alpha-2 globulin levels on 4 less severely 
burned patients (Group I patients) are included 
in Figures 2 and 3. Values obtaind on Day 0 
represent the first serum specimen drawn after 
the injury. Otherwise, all values were obtained 
on specimens collected each morning on the day 
indicated in the figures. 

From the data presented in Figure 1, it is 
seen that there is a sharp reduction in the serum 
total protein level in the immediate postburn 
period. Although analyses were performed on six 
patients, within 45 minutes to seven hours after 
injury, there was no evidence of serum hyper- 
proteinemia immediately after the burn as has 
previously been reported by others (21). At 
about the first to the fifth day, the serum total 
protein level in the majority of patients was in 
the neighborhood of 5 Gm. per cent, irrespective 
of the severity of the burn. This observation has 
also been made by others (20) on patients under 
similar therapy at this Unit where fluid and elec- 
trolyte administration in the immediate postburn 
period is emphasized. 

That the decrease in albumin is mainly respon- 


sible for the initial fall in serum total protein 
concentration is indicated in Figure 4. However, 
percentage-wise, many of the electrophoretic pat- 
terns were normal at Day 0 or Day 1 indicating 
that secondary dilution from shifts of water to 
vascular spaces as well as fluid therapy also ac- 
count for low levels of circulating protein. From 
Day 2 to 5, the decreased level of albumin is 
almost wholly responsible for the low total pro- 
tein since during this time several of the other 
serum protein components are normal or elevated. 
Between Day 5 and 6, albumin concentration 
reaches a minimum and remains at a very low 
level in most instances for two to three months 
following a burn. Serum total protein on the 
other hand, gradually starts to increase toward 
normal levels about Day 6. Inspection of the 
changes in globulin components (Figures 3 and 4) 
indicates that this increase in total protein level 
is due to an increase in certain of the globulin 
components, particularly gamma globulin and 
alpha-2 globulin which constitute the majority of 
the globulin fraction. 

In Figure 3, the comparatively rapid increase 
in the alpha globulins beginning about the second 
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See Figure 1 for explanation. 


globulin parallels the level of alpha-2 globulin 
following the thermal injury. 

Sera obtained routinely from six patients were 
analyzed at pH 4.5 in the Tiselius apparatus (11). 
At this pH the majority of the serum proteins are 
positively charged and migrate cathodically with 
the exception of the more acidic glycoproteins of 
the alpha globulins fraction. The glycoprotein 
components having a mobility of M-1 and M-2 
as described by Mehl, Golden and Winzler (11) 
were found to be markedly elevated at about Days 
4 to 6 following injury. Similar findings have 
been obtained by chemical and immunological 
methods (22, 23) which appear to suggest that 
increases in the glycoprotein concentrates follow- 
ing injury are partially responsible for the increase 
in alpha globulin components of serum. Increases 
in alpha globulin occur in a variety of wasting 
diseases and in most instances of hypoalbumi- 
nemia. High levels of alpha-2 globulin have 
previously been reported in burns (7, 8, 24) al- 
though there is no information on alpha-1 globulin 
changes. It thus appears evident that in many 


types of stress including burns, increase in alpha- 


INJURY 


globulin components occurs irrespective of the 
type of injury sustained (25). 

Very little evidence was obtained that any 
change takes place in the level of the beta 
globulins following a burn (Figure 4). With 
the exception of a few instances in which this 
component was slightly decreased in the im- 
mediate postburn period, no radical change in 
beta globulin was noted by either filter paper or 
moving-boundary electrophoretic techniques. This 
is perhaps a little surprising in view of the marked 
alterations in lipoprotein levels reported in labora- 
tory animals following injury (24), since the beta 
globulin component includes the majority of these 
high molecular weight substances. These changes 
would not necessarily be evident by filter paper 
electrophoresis in which only protein components 
are detected by the protein staining procedure, 
but one would expect the beta globulin area as 
measured by the moving-boundary method to 
be increased. This did not occur, however. 

The lack of any detectable change in the level 
of beta globulin lipoprotein as measured electro- 
phoretically in the patients studied seems to indi- 
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Fic. 5. AN EXAMPLE OF THE GAMMA GLOBULIN LEVELS IN EARLY AND 
Late PostBuRN SEPTICEMIA 


Open circles, Patient 17; dark circles, Patient 22. Mean of normal serum 
gamma globulin, 1.45 + 0.51 Gm. per cent. 


cate that the alterations in lipoprotein levels fol- 
lowing injury to laboratory animals (26) may be 
due to changes in the alpha-1 lipoproteins. It 
is entirely possible that the small increases in 
alpha-1 globulin protein noted in Figure 3 could 
be responsible for the marked changes in the 
lipid moiety of this component (27). However, 
such an interpretation is difficult because of the 
separate properties of lipoproteins which are 
measured by electrophoretic, ultracentrifugal and 
chemical techniques. 

The second half of Figure 4 presents the levels 
of serum gamma globulin in Group II and Group 
III patients following a burn. Since there was no 
significant deviation from the normal range in 
Group I patients, these data were not included 
in the figure. 

Following thermal injury, there appears to be 
a tendency toward hypogammaglobulinemia dur- 
ing the first six days postburn irrespective of the 
extent of the burn. The initial reduction of 
gamma globulin followed by an increase in this 
component above the normal range at about the 
second week following injury took place in almost 
every burn case studied. No particular relation- 


ship could be found between the change in level 
of gamma globulin following injury and the pre- 
disposal or occurrence of septicemia in the patients 
studied. However, it was noted that in four pa- 
tients with septicemia in whom gamma globulin 
data were collected at about the time of a positive 
blood culture or onset of symptoms, the level of 
gamma globulin appeared to be abnormally low. 
An example of the gamma globulin level in two 
such patients, one with early septicemia and one 
with late septicemia, is presented in Figure 5. 

The present study supports the observations of 
Balikov, Artz and Solometo who noted a tendency 
toward post-traumatic hypogammaglobulinemia in 
a study of 19 burn patients admitted to the Clinical 
Division of this Unit (17). These workers drew 
attention to the fact that patients with a B.I. 
greater than 5 usually had a gamma globulin level 
that was low both in concentration and in per 
cent of the total serum protein. It is interesting 
to note that although their technique and normal 
values for gamma globulin were different from the 
present study, the observed results were essen- 
tially similar (Figure 4). 
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TABLE II 


Comparison of the distribution of electrophoretic components in serum and blister fluid (BF) 
collected simultaneously in the same patient 








Per cent distribution 








Patient Specimen Site T.P.* Methodt Alb. Alpha-1 Alpha-2 Beta Gamma 
Gm. % 

1 BF Arm 4.2 FP 59.1 8.3 10.6 12.9 9.1 
Serum 5.3 FP 55.9 2.8 8.9 15.1 17.3 
2 BF Arm ee FP 66.0 5.8 5.8 9.0 13.5 
Serum 6.9 FP 49.3 5.6 15.0 12.4 17.7 
BF Rt. leg 3.9 MB 57.4 CB 9.1 8.3 17.5 
FP Ps) 7.5 9.2 12.5 13.3 
9 BF Lt. leg MB 60.2 6.5 9.7 9.3 14.3 
FP 54.1 7.4 7.4 18.0 13.1 
Serum 5.0 FP 36.5 12.8 22.3 14.9 13.5 
11 BF Chest ae | FP 59.6 6.1 8.1 - 13.1 13.1 
Serum 3.8 FP 50.4 6.2 13.1 11.6 18.6 
16 BF Leg 3.6 FP 54.2 8.4 7.5 16.8 13.1 
Serum 6.4 FP 42.0 4.0 9.2 18.9 25.8 
22 BF Arm 4.9 FP 58.3 4.3 6.5 13.0 18.0 
Serum 5.8 FP 48.2 3.6 7.6 9.1 18.8 
BF Rt. leg 3.4 MB 55.3 9.3 9.2 8.4 17.9 
FP 54.6 11.1 3.7 10.2 20.4 
28 BF Lt. leg 3.7 MB 64.8 8.4 4.7 8.1 14.1 
FP 60.0 2.2 8.7 12.2 13.9 
Serum 4.7 MB 44.8 8.1 19.7 11.7 17.0 
FP 35.9 11.6 18.7 14.8 21.3 





* Total protein. 


+ FP, filter paper; MB, moving-boundary. 


DISCUSSION 


A number of explanations have been offered 


for the hypogammaglobulinemia following burns 
(17). It appears from our own observations and 
related data in the literature, however, that this 
phenomenon can be explained on the basis of 
shifts in body water and the resulting dilution of 
protein following burns. 

Plasma protein circulating in the vascular net- 
work is diminished following a burn due to with- 
drawal of water from unburned tissue and an in- 
crease in capillary permeability (21, 28). These 
effects would be responsible for the reduction in 
total protein and the various electrophoretic com- 
ponents in thermally injured laboratory animals 
(29, 30) who have received no treatment and 
probably to a greater extent in humans receiving 
fluid therapy. The interstitial space in moderate 
and severe burns increases quite markedly fol- 
lowing a burn, even in adequately treated pa- 
tients (31). That this body compartment is re- 


sponsible for trapping the protein lost from the 
vascular compartment is demonstrated by the 
fact that lymph draining from the burn area 
shows an increased protein content (32). Al- 
though such lymph shows a preponderance of 
albumin over that in serum, it also contains ap- 
preciable globulin (21) and indicates the large 
concentration of this fraction dissolved in inter- 
stitial water. An analysis of blister blebs (which 
can be regarded as interstitial fluid) in seven of 
the patients in this study amply confirms this 
fact (Table II). It will be noted in the table that 
in each instance the per cent distribution of 
albumin is greater than that for globulin. This 
might be expected since the transfer rates from 
vascular to extravascular space in the normal is 
slightly greater for albumin than gamma globulin 
(33). However, in spite of the differential per- 
meability to albumin, the globulin concentration is 
quite appreciable when one considers the expanded 
interstitial volume in which it is dissolved. It is 
this abnormally distended plasma protein reser- 
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voir which is responsible for the low total protein 
level existing in the plasma immediately following 
a burn. This might be expected to be obtained 
even in normal persons undergoing fluid infusions 
(33, 34). 

Figure 6 presents a three dimensional diagram 
of the mean levels of the various filter paper elec- 
trophoretic components of 14 patients following 
thermal injury. What appears to be a selective 
reduction in gamma globulin during the first six 
days following a burn may actually be the result 
of several factors. The alpha globulins have a 
very high turnover rate (35) and are apparently 
rapidly mobilized by the liver in response to stress 
(25). Asa result, at about the third postburn day 
gamma globulin appears depressed in relation to 
the alpha globulins which have returned to normal 
levels or are elevated. From the fifth to the sixth 
postburn day, diuresis usually occurs in burned 
patients (36). It will be noted in Figure 6 that 
this is the time during which gamma globulin re- 
turns to normal levels and subsequently over- 
compensates for its previous low level. The rate 
of reinfusion of protein from interstitial to vas- 
cular compartments during this time is probably 
different from what it was from vascular to inter- 
stitial (37). This is known to be particularly so 
for gamma globulin from acute plasmapherisis 
experiments (38). 

From the foregoing remarks it appears entirely 
plausible that the shifts in gamma globulin follow- 
ing burns can be explained on the basis of shifts 
in body water and to some extent dilution. Cer- 
tainly this appears the most obvious answer. The 
relationship between the gamma globulin level 
and septicemia is not clear. Only a small per- 
centage of gamma globulin represents antibody 
protein (39) and it would appear that burn pa- 
tients have a normal total body gamma globulin 
although of different distribution from that found 
in healthy individuals. 


SUMMARY 


This study concerned itself with the quantitative 
changes in the serum electrophoretic pattern of 
28 patients who had sustained a thermal injury. 
The methods utilized included moving-boundary 
and filter paper electrophoresis at pH 8.6. The 
latter technique was found to be more adaptable 
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Fic. 6. SUMMARY OF DISTRIBUTION OF SERUM ELEC- 
TROPHORETIC COMPONENTS AND TOTAL PROTEIN FOoLLow- 
ING THERMAL INJURY OF PATIENTS IN Group II AND 
Group III (Taste 1) 


to this type of study and as a result, the data ob- 
tained on 18 patients using this method are pre- 
sented in more detail. 

Following thermal injury having a burn index 
of less than 10 there is little evidence that any 
marked or definite change takes place in any of 
the serum components. Above this burn index, 
i.e., greater than 12, however, the pattern pre- 
sented with time postburn appears to result ir- 
respective of the area or severity of the injury. 
The changes in each of these electrophoretic com- 
ponents with time following injury are discussed 
in relation to underlying biochemical mechanisms. 

No particular relationship was noted between 
the extent of hypogammaglobulinemia following 
injury and either the predisposal or occurrence 
of septicemia. Although there was s me evidence 
(four patients) that septicemia occur: ed at a time 
of hypogammaglobulinemia, the data are insuf- 
ficient to permit any conclusion. A reduction in 
gamma globulin following injury occurred to some 
extent in every patient with a burn index greater 
than 10 and it is suggested that this phenomenon 
is the result of a shift in the compartmentalization 
of this component. 

No alteration was noted in the beta globulin 
component following injury. However, the lack 
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of 


any observed change in this component may 


be due to the method of analysis employed. 
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ACUTE EFFECTS OF BREATHING INERT DUST PARTICLES AND 
OF CARBACHOL AEROSOL ON THE MECHANICAL CHAR- 
ACTERISTICS OF THE LUNGS IN MAN. CHANGES IN 
RESPONSE AFTER INHALING SYMPATHO- 

MIMETIC AEROSOLS? 
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Some acute physiological effects of inhaling fine 
particulate matter on respiration have been previ- 
ously described (1-11). In those studies, com- 
parisons were made between some respiratory re- 
sponses to dust particles and carbachol aerosol. 
The response-preventive effect of sympathomi- 
metic aerosols was pointed out. However, an 
analysis of the effect of these agents on pulmonary 
mechanics was not possible because suitable meth- 
ods were not available at that time. 

The present study is an attempt to characterize, 
using a limited number of subjects, the nature of 
the response of the lungs to inhalation of fine inert 
particles by using methods of measurement which 
have been recently developed, some in this labora- 
tory. The effects upon the mechanical character- 
istics of the lungs, in man, of inhaling dust parti- 
cles and carbachol aerosol, and the effects after 
sympathomimetic aerosols, have been investigated 
during the present study. We did not have an op- 
portunity to use an electron microscope for study 
of particle size, and did not expose large numbers 
of subjects to inhalation of particulate matter. 

Because some of the methods are quite new, in- 
formation regarding spontaneous variation, or re- 
sponse to a pharmacologically inactive aerosol, such 
as distilled water, has not yet been published. The 
current status of these control measurements will 
be mentioned in the section on results. 


1 This investigation was supported in part by a research 
grant (RG-5085) from the National Institutes of Health, 
United States Public Health Service. 

2 This work was done during the tenure of an Estab- 
lished Investigatorship of the American Heart Associa- 
tion. 

3 Present address: 64 Avenue Emile Duray, Bruxelles, 
Belgium. 


METHODS 


All measurements were made with the subject sitting. 
The plethysmographic method was used for determina- 
tion of airway resistance (12), and thoracic gas volume 
at resting level (13, 14). Lung compliance and total 
pulmonary resistance were determined using the esopha- 
geal pressure method (15). Photographic records of 
these factors in response to inhalation of charcoal powder 
are shown in Figures 2 and 3. Pulmonary tissue re- 
sistance was determined by subtracting airway resistance 
determined plethysmographically from pulmonary re- 
sistance determined by the esophageal pressure method 
(16, 17). The arrangement of apparatus and accuracy 
of measurement are described (16, 17). Lung volumes 
were measured by means of a recording spirometer (18), 
and corrected to body temperature, pressure and saturation 
(BTPS). 

Aerosols were administered using a small laboratory 
aerosol generator, D 301, which normally produces par- 
ticles having a mean diameter of 0.04 uw, and maximal 
diameter of 0.5 » (19). Powders were dispersed by a 
slow air stream passing through a three flask elutriator 
system (Figure 1) and breathed from a long glass tube 
directed into the mouth. Carbachol (Merck) solution 
(20) was used. The sympathomimetic drug used was a 
mixture of isoproterenol, cyclopentamine, and procaine in 
80 per cent propylene glycol (Aerolone Compound®, 
Lilly). The fine particles which were breathed were of 
relatively insoluble material: Those which consisted of 
carbon particles were coal dust, activated charcoal 
(U.S.P., Merck), and India ink, diluted one to one, 
filtered three times, and aerosolized. Calcium carbonate 
particles (precipitated powder, U.S.P., Baker) were 
delivered from an aqueous suspension by an aerosol 
generator or from a dry flask by elutriation. Aluminum 
powder (McIntyre) of the type inhaled to prevent sili- 
cosis was used. Particles in the air stream were not 
seen by ordinary room light, but were visible by the 
Tyndall effect. In two cases, the amount of dust ad- 
ministered was measured by comparing the receptacle’s 
weight before and after the experiment. The amount 
of coal dust inhaled was found to be approximately 10 
mg. and of calcium carbonate 5 mg. for each two minute 
period of inhalation. 
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Physiological measurements were recorded in each of 
five successive states: A. during a control period; B. af- 
ter breathing carbachol aerosol or a dust; C. after a pe- 
riod of waiting to determine the duration of response, or 
after a repetition of dust exposure to enhance the effect, 
or instead, immediate progression without delay to D; 
D. after breathing a sympathomimetic aerosol; E. after 
again breathing the previous carbachol aerosol or dust 
particles at the same concentration and for the same num- 
ber of breaths. 

To obtain accuracy and reproducibility, each physio- 
logical measurement was repeated several times. The 
rate at which the series of procedures could be carried 
out on any given subject was limited by the large num- 
ber of measurements, requiring about 20 minutes for 
completion in each of the five successive states, rather 
than by any attempt to follow a rigid time schedule. 
The way in which the experiment progressed was as 
follows: A. Control measurements were made. B. The 
duration of dust exposure, 10 to 20 breaths, required 
about one to three minutes. Lung compliance and pul- 
monary resistance during quiet breathing were meas- 
ured. The body plethysmograph was closed, and air- 
way and tissue resistance and thoracic gas volume meas- 
urements (panting) were made at a mean time of eight 
minutes after exposure. Thoracic gas volume was then 
measured at resting respiratory level (functional residual 
capacity). The plethysmograph was reopened at a mean 
time of 13 minutes after exposure, and spirometer re- 
cordings made. Series C, D and E each required cor- 
responding amounts of time (about 20 minutes) for in- 
halation and measurement. 


RESULTS 


Some physical characteristics of the subjects are 
listed in Table I. Measurements on these sub- 
jects of lung volumes, alveolar gas uniformity, and 
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The larger particles are allowed to settle out before 
inhalation. 
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TABLE I 
Some physical characteristics of the subjects 











Subject Age Sex Height Weight 
yrs. cm, Kg. 
A.D. 33 M 189 91 
R.A. 32 M 166 73 
Fs Pes 32 M 177 74 
R. J. 30 M 183 75 
LD. 63 M 179 86 





pulmonary mechanics prior to dust exposure were 
within normal limits. The first experiments (Sub- 
jects L.D. and A.D.) were performed with low 
concentrations of carbachol, aerosolized. A few 
breaths were given, followed by measurements of 
airway resistance and thoracic gas volume, then 
more breaths. Finally a 2 per cent solution was 
adopted for use (Subjects L.D., P.K. and R.A.), 
and measurements were begun of subdivisions of 
lung volume, lung compliance and pulmonary tis- 
sue resistance. The mean values obtained on 
each subject are listed in Table II. After the se- 
ries of experiments with carbachol was completed, 
a series of experiments with inert dust particles 
was begun. The results of these experiments are 
listed in Table III. 

To evaluate the significance of an apparent 
change, one must take into consideration not only 
the mean values, listed in the tables, but also the 
variation of individual measurements from the 
mean, variations of response in individual sub- 
jects on different occasions, some knowledge of the 
past history of the subject, his day to day varia- 
tions of airway resistance, the amount of variation 
to expect spontaneously or from the mere pro- 
cedures themselves on similar subjects, and any 
factors that may systematically change the results. 

Normal subjects in this laboratory have shown 
no significant spontaneous trend of airway re- 
sistance measured at 20 minute intervals over pe- 
riods of two hours, although control values vary 
slightly from day to day for unknown reasons. 
Such subjects do not show changes after inhaling 
water aerosol from a hand nebulizer or after do- 
ing vital capacity maneuvers. They show a slight 
decrease of resistance after receiving recognized 
“bronchodilator” drugs, or a slight or moderate 
increase of airway resistance after inhaling con- 
siderable doses of histamine aerosol (this must be 
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TABLE II 


Changes in the mechanical characteristics and subdivisions of lung volume after breathing carbachol (CCh) aerosol 
before and after sympathomimetic aerosol (dilator) * 








Subject Condition Breaths Timet Cc, R, R, Ru, FRC ERV RV Ic vc TLC 





cm.H:0 cm.H:0-~ cm. HO 





no. min. L./cm. H:0 LJoec. LJoee. L jee. L. L. L. L. L. L. 
L. D. Control 1.33 4.10 
CCh3s%t 6 0 1.92§ 4.30 
6 8 2.35§ 4.02 
Dilator 10 18 1.09§ 4.10 
CCh $% 6 28 1.20 3.98 
i... D. Control 1.62 4.21 
CChi% 10 0 1.82 4.31 
10 13 2.128 4.43 
10 21 2.56§ 3.89 
10 32 3.07§ 3.70 
Dilator 12 40 1.21§ 4.61 
12 48 1.37 4.73 
CChi% 12 58 1.48§ 4.61 
70 1.58 4.80 
225 1.54 4.68 
A. D. Control 0.21 0.90 3.93 2.28 165 4.21 643 8.14 
CChi% 10 0 0.18 0.76§ 3.80 
10 21 0.84 3.95 
10 43 0.79 4.04 2.20 1.84 4.05 6.15 8.09 
Dilator 10 57 0.22 0.46§ 4.10 
10 68 0.24 0.34§ 4.20 2.12 2.08 440 6.49 8.60 
CChi% 10 87 0.36 0.32§ 4.30 
L. D. Control 0.19 2.16 1.77 5.21 1.86 3.35 2.77 4.76 7.98 
CCh2% 10 0 0.14 2.52 2.05§ 5.00 1.80 3.20 2.42 3.84 7.42 
20 12 0.17 3.30 2.50§ 
20 25 
Dilator 20 38 0.34 1.27 1.16§ 5.49 1.86 3.64 2.35 4.78 7.84 
10 56 0.33 
CCh2% 10 71 0.30 1.62 1.57§ 5.85 





* Abbreviations are as follows: Cx, dynamic compliance of the lungs; Ri, pulmonary resistance; Ra, airway re- 
sistance; Rtis, pulmonary tissue resistance (Rt — Ra). 

Thoracic gas volume subdivisions are abbreviated as follows: FRC, functional residual capacity; ERV, expiratory 
reserve volume; RV, residual volume; IC, inspiratory capacity; VC, vital capacity; TLC, total lung capacity. 

Resistances were measured over the range from zero to one-half liter per second of inspiratory airflow while the 
subject was panting. All readings were from films, except for Subjects A. D. and L. D., where values for CCh 1 per cent 
and CCh } per cent were read from direct scales. 

¢ Elapsed time after the onset of the first inhalation. 

t Per cent concentration of CCh in distilled water. 

§ Airway resistance values which were significantly greater or less than the control value (p < 0.05). 


done with caution). Airway resistance values in various physiological factors under different cir- 

normal subjects are inversely related to the lung cumstances. 

volume at which they are measured. In these Subject R.A. changed from control values of 

studies, the lung volume did not change during airway resistance 1.65, 1.06, 0.68, 1.35 and 0.82 

the procedure. (mean, 1.11) to values of 3.83, 2.69, 2.90 and 3.18 
A detailed analysis of physiological measure- (mean, 3.15) immediately after exposure to car- 

ments, particularly airway resistance, made on bachol 20, 10 and 10 breaths over 6 minutes. In 


Subject R.A. will serve to illustrate spontaneous 
variation of individual values, statistical variation 
about the mean, variation of values after exposure 
to dust, day to day variations of resistance, varia- 
tions of responsiveness of the subject on different 
days, and the relative degree of change of the 


this case the mean difference, 2.04, was significant 
(p =0.0000002). A slight change of lung com- 
pliance (from 0.20 to 0.14) was found. No sig- 
nificant change occurred of the subdivision of thor- 
acic gas volume. After 40 breaths of sympatho- 
mimetic aerosol, the airway resistance values were 
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Subject 








Condition Breaths Timet Cc, R, R, Ru, FRC ERV RV Ic vc TLC 
no. min. fom. HiO ue on ee vee L. een Soe L. 
R.A. Control 0.20 1.41 1.11 0.30 SOS 134 142 Gt 446 6% 
CCh2% 20 0 
10 3 
10 6 0.14 3.39 3.15§ 0.22 3.00 1.14 1.86 3.06 4.56 6.06 
Dilator po " 0.16 1.95 1.64§ 0.31 3.03 1.19 1.73 3.46 4.53 6.49 
CCh2% 20 63 0.20 1.20 1.25 —0.05 266 137 129 345 4.72 68 
P. K. Control 0.19 2.59 2.09 0.50 3am 195 1235. 336 471 655 
CCh2% 10 0 
10 6 
10 1i 0.18 3.35 2.62§ 0.73 3.76 
10 21 0.16 3.62 2.61§ 1.01 390° 139 Zi. 306 480 6596 
Dilator 15 41 
15 47 0.16 
1 PH rer 1.66 1.73 —0.07 348: 192 156 3423 493 671 
0. 
CCh2% 30 73 0.21 1.93 1.60§ 0.33 3.60 1.92 1.68 3.06 4.80 6.66 
82 0.22 
R. A. Control 0.16 1.90 1.56 0.34 3.03 
CCh 2% : 0.17 
20 8 0.14 2.35 1.88 0.47 2.96 1.39 1.58 3.34 4.73 6.30 
Dilator 20 36 0.14 
20 44 0.17 1.54 1.32 0.22 2.74 
20 65 0.17 1.60 1.19 0.41 7.10 {M1 133. 33 4222 6m 
CCh2% 20 93 
20 97 0.16 1.63 1.19 0.44 297 «§61.37 190 343 4206 GM 








1.18, 1.59, 1.93, 1.48 and 2.03 (mean, 1.64). The 
difference from the control values was small but 
probably significant (p = 0.02). After carbachol, 
20 breaths, the airway resistance was 1.74, 0.96, 
0.89, 0.92 and 1.72 (mean, 1.25). The difference 
from the control values was not significant. The 
compliance, tissue resistance, and subdivisions of 
thoracic gas volume showed no change or slight 
changes which were probably not significant. Ex- 
cursions of total pulmonary resistance followed 
airway resistance closely. Two days later, the 
same subject showed no significant increase of 
airway resistance after 10, 20 and 20 breaths of 
carbachol (mean airway resistance before car- 
bachol, 1.56; after carbachol, 1.88; p = 0.27). 
This same subject, R.A., was exposed on a dif- 
ferent day to activated charcoal powder in the 
inspired air stream. Photographic records of air- 
way resistance, pulmonary resistance, lung com- 
pliance and thoracic gas volume at resting level 
(FRC) are shown in Figures 2 and 3. The con- 
trol airway resistance values were 0.99, 1.65, 1.38, 
1.76 and 1.63 (mean, 1.48). After inhaling 15 
breaths of activated charcoal powder, a maximum 


value of pulmonary resistance of 13.7 was obtained. 
The plethysmograph was then closed, and the air- 
way resistance values were 4.58, 7.80, 4.76, 3.21 
and 3.99 (mean, 4.87). The difference from con- 
trol values was highly significant (p = 0.0007) .* 
There were changes of compliance, vital capacity 
and pulmonary tissue resistance as well (Table 
III). 

At the time when the resistance value was high- 
est, the subject had tightness of the chest, dyspnea, 
cough and wheeze but no stridor audible at the 
throat. The subjective symptoms improved rapidly. 
Yet 26 minutes after exposure, airway resistance 
values were 2.83, 2.62, 3.94, 2.79 and 1.67 (mean, 
2.77), and the difference from the control values 
was still significant (p= 0.00001). After 30 


breaths of sympathomimetic aerosol his airway re- 


4 Another subject, A.D., was subsequently exposed to 
inhalation of charcoal powder, and airway resistance was 
found to change from 1.00+ S.E. 0.061 to 143+ S.E. 
0.058 immediately after exposure. Twenty minutes later, 
the airway resistance was 1.29+ S.E. 0.060. These 
changes were not as great as those of R.A., but were 
statistically significant and in the same direction. 
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TABLE III 


Changes in the mechanical characteristics and subdivisions of lung volume after breathing dust particles 
before and after dilator aerosols * 














Subject Condition Breaths Time Cc, R, R, Riu, FRC ERV RV Ic vc TLC 
mo. min. L.fem. Hi ae ee oe. fhe L. L. L. z L. L. 
L.D. Control 0.20 1.69 1.45 0.24 485 1.80 3.05 2.44 4.31 7.29 
India ink 25 0 0.21 4.06 2.82t 1.24 4.32 
23 0.19 3.06 y BY} § 0.54 444 2.05 2.39 2.28 4.41 6.72 
43 0.16 
Dilator 25 63 0.19 1.33 0.95t 0.38 5.27. 2.19 3.09 2.48 4.59 7.75 
India ink 25 123 0.18 1.90 1.56 0.34 5.20 2.09 3.11 2.53 4.82 7.73 
ae Control 0.21 1.85 1.16 0.69 3.84 1.88 1.96 3.75 5.54 7.59 
CaCOst 10 0 0.19 1.93 1.29 0.64 3.89 
10 19 0.16 Sad 2.29f 0.88 3.89 1.83 2.08 3.71 546 7.60 
Dilator 20 49 0.22 1.30 1.27 0.03 
10 69 0.27 3.66 1.86 1.80 3.89 5.68 7.55 
CaCO;} 10 89 0.21 1.29 1.28 0.01 3.89 1.91 1.89 3.84 561 7.73 
R.A Control 0.22 2.19 1.48 0.71 2.73 1.24 149 3.71 4.70 6.44 
Charcoalt 15 0 0.14 6.72 4.87f 1.85 2.93 
26 0.14 2.88 2.77t 0.11 2.80 0.90 1.90 2.37 3.70 5.17 
Dilator 15 34 0.18 
15 45 0.16 1.44 1.34 0.10 262 37 125 3844. 441 636 
Charcoalt 15 59 0.21 1.67 1.38 0.29 2.77 1.33 145 3.06 4.37 5.83 
A.D Control 0.82 0.84 3.59 212 1.47 4.10 612 7.69 
Coal dustt 30 0 1.19 1.29f 3.75 2.22 1.53 4.04 6.26 7.79 
10 30 1.26 1.44t 
Dilator 10 45 0.72 0.76 
10 58 0.63 0.65t 3:58 222 136 423 622 781 
10 83 0.43 0.64 3.60 
Coal dustt 10 134 0.91 0.86 3.59 2.22 1.37 4.21 6.20 7.80 
R.A. Control 0.18 1.59 1.37 0.22 2.88 1.28 1.54 3.26 4.63 6.08 
CaCO; 20 0 0.18 2.18 1.96t 0.22 
20 15 0.18 2.13 1.92t 0.21 2.58 
20 28 0.19 2.57 2.53f 0.04 2.87 1.05 1.82 3.40 4.60 6.27 
Dilator 20 50 
20 84 0.24 1.36 1.50 —0.14 2.62 
20 128 0.19 1.21 0.72t 0.49 2.72 1.29 1.44 344 4.55 6.16 
CaCO; 20 138 0.24 1.12 1.03 0.09 2.66 1.25 1.41 2.91 4.35 5.57 
L.D. Control 0.19 2.81 2.45 0.36 4.61 
Water 20 0.25 2.29 2.02 0.28 5.15 
Saline 20 0.21 2.56 1.92t 0.64 §.23 
Aluminumft 6 0 0.20 4.19 3.10f 1.10 4.91 
3 14 0.16 5.14 4.17t 0.97 5.57 1.98 3.59 1.76 4.18 7.33 
58 5.60 3.88f L722 4.87 
Dilator 20 67 0.26 1.93 1.27f 0.66 5.01 1.98 3.03 2.43 4.66 7.44 
Aluminumt 6 99 0.21 1.27 Eb g 0.15 §.31 2:14 337 2.50 455: 731 





* The abbreviations are the same as those in Table IT. 
direct scales). 

t Aerosol produced from elutriator flasks containing dry powder, yielding particles less than 5 » diameter. 
ing aerosols were produced from a liquid suspension to yield only fine particles, less than 0.5 «4 diameter. 

t Values significantly greater or less than control value (p < 0.05). 


All readings are from films except for Subject A. D. (from 


Remain- 


sistance values were 1.49, 1.12, 1.69, 1.17 and 
1.24 (mean, 1.34). Following repetition of 15 
breaths of charcoal powder, his airway resistance 
was 1.12, 1.41, 1.98, 1.07, 1.37 and 1.35 (mean, 
1.38), and lung volumes and compliance were 
within the range of control values. 

When the same subject was exposed to a differ- 
ent powder, CaCO,, two days later, his control 


airway resistance values were 1.56, 1.53, 1.42, 1.27 
and 1.09 (mean, 1.37), and values after CaCO, 
were 2.25, 1.97, 2.70, 1.41 and 1.46 (mean, 1.96). 
The difference is probably significant (p = 0.02). 
Repeated inhalation of CaCO, yielded a mean air- 
way resistance of 1.92 and when repeated again ii 
was 2.53. All values after CaCO,, when averaged, 
yielded a mean of 2.15, which was significantly dif- 
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A B C D E 


Fic. 2. PHoroGRAPHs oF CATHODE Ray OscILLoGrAPH IMAGES, MouNTED 
SIDE BY SIDE, SHOWING LUNG CoMPLIANCE (EsopPHAGEAL PRESSURE METHOD) 
AND THORACIC GAs VOLUME AT RESTING ExprraAtory LEvEL (PLETHYSMO- 
GRAPHIC METHOD) FoR SuBjEcT R.A. 

Two measurements of each taken during A. control period, B. after 15 
inhalations of activated charcoal powder, C. after waiting 26 minutes, D. 
after inhalation of sympathomimetic aerosol, and E. after again breathing 
15 breaths of the same powder. 


AIRWAY RESISTANCE 





Fic. 3. ArrwAy RESISTANCE (PLETHYSMOGRAPHIC METHOD) AND PULMo- 
NARY RESISTANCE (EsoPHAGEAL PressuRE METHOD) IN SuBject R. A. 


Three photographs within each period during the same experiment de- 
scribed in Figure 2. There is a pronounced increase in resistance by both 
methods following inhalation of dust, some spontaneous decrease with time, 
complete remission after dilator aerosol, and very little effect from adminis- 
tration of dust following the dilator aerosol. 


ferent from the control value of 1.37 (p= cium carbonate particles and consisted principally 
0.000001 ). of an increase in airway resistance. When 

Thus, a response was obtained on Subject R.A. marked, this was accompanied by increased tissue 
after carbachol, activated charcoal powder or cal- resistance, decreased vital capacity and decreased 
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TABLE IV 


DAUTREBANDE 


Group mean values showing the average result of breathing carbachol and different inert dusts before 





and after sympathomimetic aerosols * 














Condition Ch R, R, Ry, FRC ERV RV Ic vc TLC 
cm. HxO cm. HO cm. Hx0 
L./cm. H2O0 Live. lx tea Lr. L L. L. L. 

Control 0.19 1.99 1.41 0.38 3.86 1.86 2.04 3.46 5.13 7.36 
Carbachol 0.16 2.80 2.26 0.62 3.92 1.66 2.07 3.19 4.81 6.92 
Dilator 0.24 1.42 15 0.18 3.92 1.70 2.07 3.39 5.08 7.18 
Carbachol repeated 0.24 1.35 1.30 0.14 4.26 1.75 2.05 3.33 5.16 144 
Control 0.20 1.83 1.46 0.37 3.74 1.69 2.09 3.28 4.93 7.06 
All dust 0.17 3.29 2.63 0.66 3.90 1.67 2.22 2.93 4.77 6.81 
Dilator 0.21 1.17 1.03 0.13 3.64 1.82 1.99 3.37 5.07 7.18 
Dust repeated 0.21 1.36 1.21 0.15 3.90 1.82 2.07 3.18 4.98 7.08 





* Values on individual subjects and abbreviations of the headings are listed in Tables II and III. 


compliance. After sympathomimetic aerosol, these 
effects were gone and were not elicited on re- 
exposure to the original agent. 

Other subjects exposed to carbachol were P.K., 
L. D. and A.D. The other subjects exposed to 
various types of dust were L.D. (aluminum powder 
on two different days and India ink aerosol), R.J. 
(calcium carbonate powder) and A.D. (common 
coal dust powder and later charcoal powder). One 
of these subjects, L.D., was given water aerosol 
and then normal saline aerosol but these failed 
to produce a response. The mean values of film 
readings before and after exposure, and after sym- 
pathomimetic aerosol and then re-exposure to the 
agent, are given in Tables II and III. Variations 
of individual readings from the mean were similar 
in these subjects to those described above for 
Subject R.A. Changes of airway resistance sta- 
tistically different from the control values in indi- 
vidual subjects (p < 0.05) are starred. It can 
be seen that the type of response to these different 


agents is quite similar in different subjects, al- 
though the degree of exposure and magnitude of 
response varied considerably. The average values 
for the group are listed in Table IV and Figure 4, 
and the statistical changes of the group in Table V 
and Figure 4. The response was characterized by 
a statistically significant increase of airway resist- 
ance and total pulmonary resistance, with possibly 
significant increase of pulmonary tissue resistance 
after dust. 

Aluminum powder was administered to L.D. 
(Table VI) resulting in increased airway re- 
sistance. A long period was allowed for spontane- 
ous recovery (Figure 5) and then the ex- 
posure to aluminum powder was repeated. The 
initial increase of airway resistance, which had re- 
turned almost to normal spontaneously, was re- 
produced on second exposure. This experiment 
was done to see whether tachyphylaxis occurred 
spontaneously after first exposure, thereby pre- 
venting response to a later dosage. Tachyphylaxis 


TABLE V 


Changes from control values 











Condition Ry, Ry Riis FRC ERV RV IC vc TLC 
CCh Mean — 0.030 0.76 0.70 0.17 0.02 —0.12 0.21 -—0.25 -—0.32  —0.23 
S.D. 0.021 0.73 0.67 0.60 0.24 0.07 0.33 0.37 0.42 0.51 

S.E. 0.009 0.37 0.25 0.30 0.09 0.03 0.17 0.19 0.21 0.26 

Dust Mean — 0.024 1.76 1.21 0.56 -—0.03  —0.05 0.04 -0.27 -0.15 —0.31 
SD. 0.036 1.56 1.19 0.56 0.21 0.24 0.42 0.62 0.47 0.62 

S.E. 0.016 0.64 0.49 0.25 0.09 0.11 0.19 0.28 0.21 0.28 








* The response of a given subject on a given day was averaged, weighted once, and the change from the control 
value of the subject determined. ‘These changes were averaged for the group (mean), and standard deviation from the 





mean (S.D.) and standard error of the mean (S.E.) were computed. 

















AIRWAY RESISTANCE AFTER 


did not occur in this experiment. The data in the 
tables show that a response to dust inhalation 
could be brought about again within 10 minutes, 
2 hours, or 24 hours after a previous exposure. 


DISCUSSION 


The factor which changed to the greatest degree 
after exposure to the agents, carbachol, dust par- 
ticles or sympathomimetic aerosols, was the airway 
resistance. Changes of compliance when present 
were relatively slight and may be attributable to 
inequal distribution of resistance in different re- 
gions of the lung (21). The effect of breathing 
frequency on pulmonary resistance was not great.® 


TABLE VI 


Changes in the mechanical characteristics of the lungs following 
an inhalation of aluminum powder, and repetition 
of the exposure to aluminum powder 
85 minutes later * 








Subject Condition Time Cc, R, R, ti 
yee min, near age a EL. 
L.D. Control = 0.23 2.45 2.21 0.24 4.59 
Aluminum 0 0.18 3.54 3.08¢ 0.46 5.05 
21 0.20 3.34 2.57 0.77 4.98 
56 2.63 2.28 0.35 4.65 
75 0.25 2.55 2:30. 0:25 4.75 
Aluminum 85 0.17 4.86 4.00¢ 0.86 4.74 

3h. 
Dilator 98 0.18 2.06 1.32¢ 0.73 


4.98 





* Tachyphylaxis was not observed. A fine suspension 
was produced by elutriation into a 1 L. flask. The airflow 
was stopped. The subject then inhaled from the flask 
which had a small inlet vent. This was repeated three 
times. This way a measured volume (3 L.) of the fine sus- 
pension was inhaled. 

Tt Values significantly greater or less than control value 
(p < 0.05). 


Changes of thoracic gas volume were slight and 
inconsistent in direction, except in one case, R.A., 
after his marked response to inhalation of acti- 
vated charcoal powder, when the vital capacity was 
significantly reduced. This may be attributed to 
complete obstruction of some airways with partial 
obstruction of others. The pulmonary tissue 
resistance changed experimentally in some sub- 


5 Pulmonary resistances in Subject R.A. during panting 
and quiet breathing, respectively, were as follows: control, 
1.64 vs. 2.57; after carbachol, 5.43 vs. 6.76; after dilator, 
2.53 vs. 2.17. Comparable changes were observed on 
R.A. after charcoal and on L.D. after India ink, indicating 
that the changes of resistance were relatively independent 
of breathing frequency. 
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MEAN VALUES AND STANDARD ERRORS 
OF SIX EXPERIMENTS INHALING PARTICLES 
' t ' T Tt vw 





VOLUME ' 
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DILATOR , 


DUST 


80 MIN. 


Fic. 4. StratistICAL ANALYSIS OF THE GROUP OF Ex- 
PERIMENTS OF Dust INHALATION 


fe) it 





i 
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Significant changes in airway resistance (Ra) and pul- 
monary resistance (Rx), plotted slightly apart to avoid 
overlap, are shown. 


jects, but the physiological meaning of this change 
is difficult to interpret at present. 

All subjects tested were capable of an “increased 
airway resistance” response. However the de- 
gree of response varied, and without numerous 
repetitions of the same dust on numerous subjects 
together with precise measurement of particle 
size and retention it is not possible to evaluate the 
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FoLLowING INHALATION OF Dust PARTICLES FOR A ONE 
to Two Minute Pertiop 

The number of breaths or volume inhaled are indicated. 
Numerical values are listed in Tables III and VI. 
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dose-response relationship. However, the pattern 
of the response was sufficiently uniform so that one 
might suspect that the different agents employed 
acted by a common but unidentified physiological 
mechanism. 


SUMMARY 


1. On five human subjects without chronic re- 
spiratory disease, measurements of pulmonary 
compliance, total pulmonary resistance (esopha- 
geal pressure method), airway resistance, pul- 
monary tissue resistance, and thoracic gas volume 
(plethysmographic methods) and of lung volume 
subdivisions (spirometric determinations) were 
made during a control period before inhalation of 
small quantities of carbachol micromicellar aero- 
sols and of fine, chemically inert dust particles con- 
sisting of calcium carbonate powder, coal dust, 
activated charcoal powder, aluminum powder and 
aerosolized India ink. 

2. After inhalation of these aerosols, the sub- 
jects usually showed a definite increase in airway 
resistance and pulmonary resistance and some- 
times a slight decrease in lung compliance. 

3. Sympathomimetic aerosols were administered 
a few minutes afterwards and the same measure- 
ments repeated. They showed that the resistance 
had fallen below the initial control value and the 
compliance had increased to the normal control 
value or had sometimes increased beyond the con- 
trol value. 

4, Following the administration of sympatho- 
mimetic aerosols, further inhalations of carbachol 
aerosol or of dust particles failed to raise the air- 
way resistance above the initial control value and 
did not significantly reduce the lung compliance. 

5. Fifteen to 30 minutes after taking 6 to 25 
breaths of carbachol aerosol or of dust laden air, 
subdivisions of lung volume showed no significant 
change except in one of five subjects, who had a 
slight decrease in total lung capacity (mainly at 
the expense of the inspiratory capacity) on one 
occasion. 
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Iso-leukoagglutinins are known to develop pri- 
marily in multitransfused patients (1-6). A pos- 
sibly different kind of agglutinin for white cells, 
such as that related to aminopyrine leukopenia, has 
also been described (7). The therapeutic adminis- 
tration of blood and of aminopyrine may not be the 
only stimuli for leukoagglutinin production. Two 
groups of investigators, Dausset, Nenna and Brecy 
(8) and Whyte and Yee (9), have drawn upon 
the analogy to Rh antibody formation, and have 
discussed the possibility that fetal leukocyte anti- 
gens might act as stimuli to the mother. Killman 
(10) considered this potential source of antigen in 
his investigations of leukoagglutinins in collagen 
diseases, but he was unable to find any correlation 
between pregnancies and leukoagglutinin forma- 
tion. The studies presented in this paper demon- 
strate that fetomaternal leukocyte incompatibility 
may induce leukoagglutinin formation in the 
mother, and suggest that some leukocyte factors, 
as demonstrated by their corresponding leukoag- 
glutinins, may be genetically transmitted to the 
offspring. 


METHODS 


Technique of the test for leukoagglutinins. The de- 
tails of the test for leukoagglutinins were presented in 
previous publications (2, 3). In this study, the test leu- 
kocytes for iso-leukoagglutinins were obtained from 10 
persons of red cell blood group O; these were healthy 
donors whose red cells differed in their Rh factors. All 
inactivated sera were tested against the entire panel of 
10 leukocyte donors. A leukoagglutinin test was con- 
sidered positive when different samples of serum ob- 
tained from the same individual produced compact clump- 
ing of the leukocytes of a panel member on two different 
occasions. The sera selected as positive in this series 
were those which produced clumping of two or more mem- 
bers of the leukocyte panel. Weakly reacting sera were 
occasionally observed. These induced very weak clump- 


1 This study was supported by Research Grant H-3365, 
National Institutes of Health, United States Public 
Health Service. 

2 Presented before the Western Society for Clinical Re- 
search, Carmel, Calif., Jan. 30 through Feb. 1, 1958. 


ing, or only agglutinated one member of the leukocyte 
panel. They were arbitrarily not included among the 
positive sera. Some of the weak reactions could be at- 
tributed to the adherence of leukocytes to noncellular 
material in serum; others seemed to be related to the 
gradual deterioration of the test leukocytes with time. 
In order to minimize these sources of error, fresh leu- 
kocytes were obtained daily. Different members of the 
leukocyte panel reacted with a single test serum so as 
to give titer differences no greater than those inherent in 
the serial dilution method of titration. The patients’ own 
leukocytes were employed in tests for autoleukoagglu- 
tinins. When red cell antibodies other than anti-A or 
anti-B were present in test sera the test leukocytes were 
selected so that the accompanying red blood cells would 
not contain the conflicting factors. In family studies, in 
which sera from persons of one ABO blood group were 
tested against leukocytes obtained from persons of an- 
other ABO blood group, the anti-A and anti-B iso- 
agglutinins of the sera to be tested were removed by 
absorption with group A and/or B washed red cells. 
In order to prevent absorption of the leukoagglutinin in 
the latter process, the leukocytes were removed from the 
whole blood prior to washing the red cells. 

Sources of sera. Sera were collected from three groups 
of women. Group I included 144 obstetrical clinic patients 
selected with the sole qualification of multiparity; all 
women had had four or more pregnancies. The num- 
ber of pregnancies included abortions or miscarriages, 
still births, premature births and full term births. No 
distinction was made regarding the length of time of 
fetal development. The majority of the women were in 
the third trimester while a few were in the second tri- 
mester of pregnancy. It was thought that more easily 
detectable amounts of antibody might be present in 
parous women during late pregnancy. Group II con- 
sisted of eight patients who were referred to us for study 
because of special problems. They were included be- 
cause they showed varied circumstances in which leu- 
koagglutinins could be found in parous women. The 
majority of Group II had Rh antibodies. There was A-O 
incompatibility between newborn and mother in one (Pa- 
tient No. 26), another (Patient No. 32) was referred be- 
cause of an anemia of unknown origin, and the last had 
had a febrile transfusion reaction (Patient No. 33). 
Group II was not selected at random and therefore was 
not used in the estimation of incidence of leukoagglutinins 
in parous women. Group III, a control series, consisted 
of 20 nontransfused healthy women who had never been 
pregnant. These women were selected so that the age 
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range corresponded to the age range of Groups I and II. 
All of the women in the three groups were between 18 
and 45 years of age. 

Most of the sera were collected in the prepartum pe- 
riod. This permitted the collection of frequent samples 
and of a considerable quantity of sera. In addition, sera 
were collected at the routine six weeks postpartum visit, 
and also at longer intervals postpartum whenever pos- 
sible. Sera were stored in the frozen state. 


RESULTS 
Incidence 


The incidence of leukoagglutinins in 144 preg- 
nant multiparous women, Group I, and in the con- 
trol group of 20 women, Group III, is presented in 
Table I. Leukoagglutinins were found in 25, or 
17 per cent, of the 144 multiparous women. They 
were completely absent in the controls who had 
never been transfused or pregnant. The fetus ap- 
peared to be the only stimulus for leukoagglu- 
tinin production in 18, or 68 per cent, of the 25 
women, since this number had never received 
transfusions or blood injections. 

General data regarding Groups I and II, in 
both of which leukoagglutinins occurred, are listed 
in Table II. Leukoagglutinins were already pres- 
ent in some of the women during the second tri- 
mester ; however, most of the women were seen 
for the first time during the third trimester. The 
maternal sera agglutinated a minimum of two 
members of the leukocyte panel and a maximum 
of nine members. The majority reacted with three 
to seven members of the leukocyte panel. The leu- 
koagglutinin titers ranged from 1:1 to 1: 128. 
In the main, the titers were relatively low, not ex- 
ceeding 1:8, which is similar to the titers found 
in the sera of multi-transfused patients (2). Auto- 


TABLE I 


Incidence of leukoagglutinins in pregnant, 
multiparous women 











No. No. with 
Subjects tested LA* 
Group I 
Pregnant multiparous women 144 25 
With transfusions 36 7 
Without transfusions 108 18 
Group III 
Control women, never trans- 
fused or pregnant 20 0 





* Leukoagglutinins. 
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TABLE II 


General data on multiparous women with leukoagglutinins 














Number of Antibodies to 
Patient Preg- Trans- 
number nancies fusions WBC* RBCt Remarks 
Group I 
1 5 0 1:8§ —§ 
Z 7 0 1:8 _ 
3 6 0 +l 
4 5 0 | Fy | = 
5 rf 5 1:4 
6 (i 2 1:4 — Febrile reaction on 
first transfusion 
7 9 0 1:4 - 
8 9 1 <2 — 
9 8 0 132 - 
10 5 1 1:4 - 
11 6 0 1:8 —  Sickling family 
12 4 0 ao = 
13 7 0 a +  Anti-Le* 
14 8 7 132 
15 6 0 1:8 — 
16 7 0 be 2 - 
17 , 0 124 — 
18 11 0 2 - 
19 6 0 a _ 
20 6 0 12 = 
21 5 0 2 _ 
22 9 0 1:4 - 
23 5 0 1:128 — 
24 4 3 1:8 = 
25 8 11 aL i 
Group II 
26 6 6 1:128 + Immune anti-A 
27 3 0 + +  Anti-D 1:2,048 
28 7 9 1:2 +  Anti-C 1:2 
Anti-D 1:32, febrile 
reaction on second 
group of transfu- 
sions 
29 i! 0 : Eo. oa 
30 6 6 + + Anti-eD 1:32 
31 3 0 a + Anti-D 1:16 
32 4 1 + = 
33 6 5 431 — Febrile reaction on 


second transfusion 





* White blood cells. 
t Red blood cells. 


Titer. = 
Negative agglutination test. i 
|| Positive agglutination test, not titered. 


leukoagglutinins were not present in the 10 women 
so tested. 

Leukoagglutinins developed in women of red 
cell groups A, B and O. None were found in the 
five women of group AB who were examined. 
Anti-red cell antibodies occurred simultaneously 
with antibodies for white cells in some of the sera. 
Sufficient data were not obtained to determine 
whether or not Rh sensitized women produced 
leukoagglutinins more readily than other women. 
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Role of transfusions 


The relation of transfusions to leukoagglutinin 
production in women of Groups I and II is shown 
in Table III. The majority of the transfusions 
were administered to these patients when they 
were hospitalized in other institutions and prior 
to this study. In all but 4 of 41 patients, the 
transfusions were for blood loss arising in prior 
postabortal or puerperal states. None of the 
women suffered from primary blood disorders or 
diseases of the collagen system. With two ex- 
ceptions no patient had received more than six 
transfusions. Two patients with leukoagglutinins, 
Nos. 25 and 28, had received a total number com- 
mensurate with the number required for leukoag- 
glutinin production in some individuals (2-6, 11). 
While the total number of units which they received 
was large, in practice several units were given at 
the same time. Therefore, the number of stimula- 
tions may have been insufficient for leukoagglutinin 
production. Patient No. 25 is of interest because 
upon the first testing late in the eighth pregnancy 
she did not possess a leukoagglutinin. She had 
received a total of three transfusions following 
postpartum hemorrhages in 1945 and 1951, the 
last of which was six years before the tests for a 
leukoagglutinin. A week after the test, during de- 
livery of a still-born infant, uterine rupture oc- 
curred. With the attendant surgery the patient re- 
ceived eight more units of blood without reaction. 
Two weeks later, a leukoagglutinin became demon- 
strable for leukocytes that were not agglutinable 


TABLE III 


Number of transfusions received by 152 multiparous women 








No, of women 








No. of With Without 
transfusions LA* LA 
0 21 90 
1 3 11 
2 1 10 
3 2 6 
4 2 
5 2 
6 2 
7 
8 
9 1 
10 
11 1 
Total 33 119 





* Leukoagglutinins. 
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earlier. If it had been possible to test the leuko- 
cytes of the newborn and the father, the origin of 
the leukoagglutinin might have been specifically 
attributed to either the transfusions or the fetus. 
Patient No. 28 received transfusions on three oc- 
casions following abortions and during a hysterec- 
tomy. In our earlier experience with 25 hemato- 
logic patients (men, women and children), who 
were followed during transfusion therapy, eight 
or more units of blood administered at intervals of 
days or weeks were usually necessary for leukoag- 
glutinin production. In 61 patients (children and 
men exclusively) examined for leukoagglutinins 
but not followed throughout transfusion therapy, 
the median number of transfusions received prior 
to detection of a leukoagglutinin was 15 units. 

Febrile transfusion reactions were noted only 
in the histories of three of the women with leuko- 
agglutinins, Nos. 6, 28 and 33 (Table II). The 
transfusions producing the febrile reactions were 
not given during the current pregnancy. In two 
of the women, Nos. 6 and 33, only leukoagglutinins 
were found; Patient No. 28 had a red cell agglu- 
tinin as well. Patient No. 6, who was found to 
have a leukoagglutinin during her sixth preg- 
nancy, developed a febrile reaction following her 
first transfusion given after her third pregnancy. 
Patient No. 28 developed a reaction following her 
second group of transfusions after her seventh 
pregnancy. Patient No. 33, after her second preg- 
nancy, reacted with chills and fever to four out of 
five units of blood following the second series of 
transfusions. This occurred during cesarean sec- 
tion. “Leukocyte poor” blood was given to this 
patient without reaction at the time of section for 
the current pregnancy. Evidence for febrile 
transfusion reactions was not found in the his- 
tories of women who were transfused but did not 
possess demonstrable leukoagglutinins. It would 
appear that very few transfusions might induce 
febrile reactions in women previously stimulated by 
fetal leukocyte antigens. 


Stimulus for leukoagglutinin formation 


In the foregoing material, it was demonstrated 
that multiparous pregnant women may have leu- 
koagglutinins in the absence of transfusions or 
intramuscular blood injections. In order to pro- 
vide further evidence that the leukoagglutinins in 
multiparous women, both transfused and non- 
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transfused, were probably the result of fetal stimu- 
lation, the maternal sera, in as many instances as 
possible, were tested against the leukocytes of the 
newborn infant and the spouse. If these leukoag- 
glutinins were due to the fetal stimulation postu- 
lated, then the maternal sera should agglutinate 
the leukocytes of some of their respective new- 
born infants. If the inheritance of the leukocyte 
factors was analagous to that of the red cell groups, 
then it would be anticipated that the leukocytes of 
all fathers (spouses) would be agglutinated by the 
maternal sera containing the leukoagglutinins. In 
other words, some of the infants could be expected 
to have inherited a paternal leukocyte factor absent 
in the mother. The agglutination reactions in 
Table IV represent the results of i4 family studies 
in which the maternal serum was tested against 
either the leukocytes of the newborn, the spouse, 
or both. The finding that 10 of 12 newborns tested 
gave positive agglutination tests was consistent 
with the proposed hypothesis. Examination of the 
other siblings in Family 2 (Figure 1), in which 
the newborn’s tests were negative, indicated that 
three other children appeared to have inherited the 
father’s leukocyte antigen. Their leukocytes could 
have constituted the stimuli which induced the ma- 
ternal agglutinin. Thus negative results with a 
current newborn do not invalidate the evidence for 
fetal stimulation. This patient’s last pregnancy, 
in which leukocyte stimulation could have oc- 
curred, was five years before the test sample was 
drawn. It is plausible that the agglutinin or the 
effects of stimulation from an earlier pregnancy 
would still be present in this mother. In this 
laboratory leukoagglutinins have been found in a 
male patient five years after stimulation from blood 
transfusions. They were also found in six mothers 
six to nine months, and in two mothers a year, 
after delivery. 

When the spouses’ leukocytes were tested with 
the maternal sera, all but one (12 out of 13) gave 
positive agglutination. In Family 6, in which the 
leukocytes of the newborn were agglutinated and 
the leukocytes of the alleged father were not, either 
the hypothesis of direct inheritance from father 
may be incorrect or the man tested may not have 
been the true father. On the basis of erythrocyte 
factors, the spouse could not be excluded as the 
de facto father. The mother had had children with 
more than one spouse. It must also be recognized 


TABLE Iv 


Reaction of maternal leukoagglutinins with leukocytes of 
their newborn infants and their spouses 








Leukoagglutination test 











WBC* of 
Sera of No. of 
mothers transfusions Father Newborn 
1 0 ++4+4+¢ +444 
2 0 +4+4++4+ .. 
3 0 +444 b+ 
4 0 NAS +4++ 
5 5 +++ +++ 
6 2 - ++4++ 
7 0 tes eee 
8 1 +++ ~ 
9 0 bee ++++ 
10 1 ++4++ tad 
11 0 tHe ad 
12 0 +444 +444 
4 1 ++++ NA 
33 5 ++++ NA 





* White blood cells. 

T++++, +++, ++ indicate decreasing degrees of 
agglutination. 

t Negative agglutination test. 

§ Not available. 


that this woman had received two units of blood 
on a single occasion 13 years before. 

There were 11 families in which both father 
and infant were tested at the same time. Among 
these, eight pairs gave positive agglutination tests 
for both members; the infants in two families and 
the father in one gave negative agglutination tests. 
In six of the eight families with positive tests for 
both newborn and spouse, there was no history of 
stimulation by transfusion or blood injection. In 
these six families stimulation appears to have come 
from the fetus alone. 


Family studies 


More extensive family studies to demonstrate 
the manner in which the leukocyte factors are in- 
herited have just been initiated. The occurrence 
of the leukocyte factor in each of five representative 
families (Families 2, 3, 7, 9 and 10) is illustrated 
in Figures 1 through 5. A leukocyte factor or 
combination of leukocyte factors appear to have 
been transmitted from the father to some but not 
all of the children in the families studied. In 
Family 7 all of the children appear to have in- 
herited the factor found in the father. In this 
limited series of family studies there did not appear 
to be a relation between ABO and Rh inheritance 
on the one hand and leukocyte factor inheritance 
on the other. In order to consider the question of 
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dominance with regard to leukocyte antigen in- 
heritance, the leukocytes of Family G were ex- 
amined (Figure 6). The mother of Family G did 
not possess leukoagglutinins. This family was 
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selected because both mother and father possessed 
a leukocyte factor which reacted with the maternal 
leukoagglutinin from Family 23. The possibility 
existed that one of the children would not possess 
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Propositus had no transfusions. 





Propositus received / unit blood following 1954 abortion. 


Fics. 1-5. Five FamMity Stupres DEMONSTRATING THE DisTRIBUTION OF DIFFERENT LEUKOCYTE Factors AS SHOWN 
BY THE RESPECTIVE MATERNAL SERA 
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the leukocyte factor. The question of dominance 
of this leukocyte factor was not answered since 
all five children possessed the leukocyte factor. 
This family illustrated the presence of a leukocyte 
factor in three generations. In examining these 
pedigrees it must be kept in mind that the leuko- 
cyte factors detected are not the same in the dif- 
ferent families. Each of the sera employed re- 
acted differently with our panel of 10 leukocyte 
donors so that no two sera were identical. There 
was some overlapping in behavior of the agglutin- 
ins with respect to some donor leukocytes, sug- 
gesting that these sera contained antibody for 
more than one leukocyte factor. 


DISCUSSION 


The primary assumption in these studies is 
that fetomaternal leukocyte incompatibility may 
exist, and therefore leukoagglutinins ought to oc- 
cur in a certain number of women as the result of 
fetal stimulation. That antigenic differences oc- 
cur in human leukocytes is known, for these have 
been demonstrated in in vivo and in vitro studies 
related to febrile transfusion reactions. How- 
ever, these differences have not yet led to the 
separation of clear-cut leukocyte types. It was 
reasoned that since erythrocytes may pass from 
fetus to mother in humans (12-14), leukocytes or 
their antigens might also cross from fetus to 
mother. 

There was some suggestive evidence of feto- 
maternal leukocyte incompatibility in our earlier 
work on the incidence of leukoagglutinins in he- 
matologic patients. An anemic, pregnant woman 
who had never received blood by injection or trans- 
fusion was found to have a leukoagglutinin (Pa- 
tient No. 32 in this series, No. 321 in the original 
series) (2). Additional evidence was accumu- 
lated in studies on febrile transfusion reactions in 
men and women with leukoagglutinins (15). It 
was noted that women developed transfusion reac- 
tions with fewer units of blood than did men; 52 
per cent of 25 female patients developed a trans- 
fusion reaction with five or fewer transfusions, as 
compared to 10 per cent of 31 male patients. All 
of the 13 women with five or fewer transfusions 
had been pregnant. 

The present studies demonstrate the existence 
of fetomaternal leukocyte incompatibility, as shown 
by the production of leukoagglutinins in maternal 
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sera which were capable of agglutinating the leu- 
kocytes of some of the children and their fathers. 
The findings of leukoagglutinins in 21 multiparous 
pregnant women who had never received intra- 
muscular blood injections or transfusions sug- 
gested that a fairly large number of individuals 
were stimulated by the fetus. It will be interest- 
ing, as our information increases, to compare the 
number of mothers with leukoagglutinins to the 
number of Rh negative women who become sen- 
sitized by an Rh positive fetus. Rh positive fe- 
tuses in Rh negative women result from two kinds 
of marriages, Rh negative women with homozy- 
gous and with heterozygous Rh positive men. 
Thus about one-tenth of all pregnancies in Cau- 
casian populations could theoretically result in in- 
compatible mother-fetus interaction. The inci- 
dence of Rh disease in the newborn is, of course, 
much lower than the incidence of genetically un- 
favorable pregnancies. Clemens and Walsh (16) 
in a study of 5,694 pregnancies in Rh negative 
women showed that the per cent of Rh negative 
women with Rh antibody increased with successive 
pregnancies. They found 6.6 per cent with Rh 
antibody in the second pregnancy, 11.6 per cent in 
the third pregnancy, 17.6 per cent in the fourth 
pregnancy, 25.4 per cent in the fifth pregnancy 
and 27.5 per cent in those with six or more preg- 
nancies. Insofar as incompatibility for leukocytes 
is concerned, data have been presented here that 
18, or 13 per cent, of 144 pregnant parous women 
unselected except for multiparity possessed leuko- 
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agglutinins as the result of fetal stimulation alone. 
One-fourth of the women with leukoagglutinins in 
Group I had received transfusions. In all but one, 
there were few transfusions relative to the num- 
ber required for leukoagglutinin production either 
in women who had never been pregnant, or in men. 
Therefore, probably all 24 women, or 17 per cent, 
had developed leukoagglutinins from fetal stimula- 
tion. These figures of incidence of leukocyte- 
incompatible marriages are not the minimum since 
the patients concerned had had numerous preg- 
nancies. However, since all the leukocyte types 
are not yet known this number may not be the 
maximum. If a large series with fewer pregnan- 
cies were examined, the proportion with leuko- 
agglutinins might be lower than that presented 
here of 13 to 17 per cent. In the course of this in- 
vestigation, women of Group II with only three 
pregnancies were found to have leukoagglutinins 
in their sera.* Whether there are leukocyte anti- 
gens capable of stimulating demonstrable leuko- 
agglutinins during the first pregnancy is not yet 
known. 

Until this time, the main clinical significance of 
leukoagglutinins has been their responsibility for 
many instances of the common complication of 
transfusion therapy, the febrile transfusion reac- 
tion (3). The demonstration that women may 
possess leukoagglutinins following fetal stimulation 
when leukocyte incompatibility exists, may explain, 
in part at least, why some women have had fe- 
brile transfusion reactions with a history of no or 
few transfusions. Since these transfusion reac- 
tions due to leukoagglutinins can be prevented by 
the administration of blood from which the ma- 
jority of donor leukocytes has been removed (3, 
17, 18), precautions should be taken to prevent 
this type of febrile transfusion reaction in parous 
women. Emphasis should be placed on the fact 
that parous women may develop transfusion reac- 
tions with far fewer transfusions than do men. 
In this hospital, reactions of the kind associated 
with leukoagglutinin activity have been observed 
in several women upon the first transfusion. One 


8 Three nontransfused women in their second preg- 
nancy have since been found to have a leukoagglutinin 
which agglutinated the leukocytes of their newborn. 
Two of the women were apparently stimulated by the 
first pregnancy. The third has not been tested in this 


respect. 
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must not assume that the leukoagglutinin found 
during pregnancy disappears immediately and will 
not therefore induce reactions at some later date. 
In all of the mothers who were tested six weeks 
postpartum the leukoagglutinins were present; 
those tested at two, five, seven and nine months 
and one year postpartum still had demonstrable 
leukoagglutinins. A transfusion reaction associ- 
ated with leukoaglutinins was observed in a woman 
following her first transfusion given more than 15 
years after her last pregnancy. This reaction could 
not be attributed to any other agent; moreover, it 
was not possible to check her husband or her 
children to establish the origin of her leukoag- 
glutinin. There is a tendency to minimize the 
effect in the patient of the nonhemolytic febrile 
transfusion reaction. Many of these reactions on 
the surface seem mild. However, the mechanism 
of the reaction associated with leukoagglutinins 
has not been clarified nor have possible residual 
effects been assessed. Until the effects are better 
understood, it might be well to keep in mind some 
of the severe complications seen in the critically 
ill patients described by Brittingham and Chaplin 
(17). That febrile transfusion reactions will oc- 
cur in women with leukoagglutinins seems rea- 
sonably clear, but the meaning of leukoagglutinins 
in the maternal sera for the fetus or the newborn 
is not clear. Investigation to date has not shown 
a consistent neonatal effect. A transitory leuko- 
penia has been found infrequently. Detailed re- 
sults on the effect, if any, upon the newborn will 
be presented when more information has been ac- 
cumulated. 

A most interesting possibility arises from the 
finding of leukoagglutinins in nontransfused 
women. This particular kind of antileukocyte se- 
rum may provide the tool necessary for the separa- 
tion of the different human leukocyte antigens. 
The search for distinct and separate leukocyte 
types has been attempted with limited success (19, 
20). The lack of clear-cut results in the past may 
have been due to the fact that sera from persons 
with multiple transfusions were employed. The 
use of leukoagglutinins from maternal sera should 
provide better results, for the antibodies will have 
been derived from a more limited antigenic stimu- 
lus, i.¢., the husband’s leukocyte factors as they are 
inherited by the children. Preliminary studies of 
these maternal sera indicate that some react in a 
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similar manner with a panel of leukocytes. At 
this time, a leukoagglutinin analagous to anti-D 
(anti-Rh,) in its incidence has not been detected. 
A marked advantage would arise from the differ- 
entiation of types of leukocyte antigens. If the 
leukocytes could be typed, then febrile transfusion 
reactions might be prevented by proper matching 
of leukocytes rather than by removal of the leuko- 
cytes from donor blood. This latter method is 
more wasteful of time, equipment and blood than 
a typing procedure would be. 

It cannot be clearly stated whether or not the 
leukocyte factors detected by leukoagglutinins 
from parous women are inherited as simple domi- 
nants.. They were present in seven families for 
two successive generations and in one family for 
three generations. The limited family evidence is 
compatible with the assumption that the leukocyte 
factors are inherited either as dominants or reces- 
sives. Because of the need for additional normal 
physiological characters in the study of inheritance 
in man, the leukocyte factors, which may well be 
inherited in a relatively simple manner, may prove 
to be a valuable supplement. Studies concerning 
the inheritance of the leukocyte factors are being 
continued. 


SUMMARY 


Data on the occurrence and nature of feto- 
maternal leukocyte incompatibility have been pre- 
sented. 

1. Leukoagglutinins were found in 25, or 17 
per cent, of 144 pregnant multiparous women. 
The fetus appeared to be the only stimulus for 
leukoagglutinin formation in 18, or 68 per cent, 
of the 25 women since these had never received 
transfusions or intramuscular injections of blood. 

2. Iso-leukoagglutinins of the maternal sera ag- 
glutinated the leukocytes of 10 of 12 of their re- 
spective newborn infants, and 12 of 13 of their 
respective spouses, thus suggesting the inheritance 
by the offspring of the father’s leukocyte factor. 
Maternal sensitization to leukocytes appears to 
develop in a manner analagous to Rh sensitization. 
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Until recently there has been uncertainty as to 
whether kidney function in normal pregnancy dif- 
fers significantly from that in the nonpregnant 
state. The earlier studies reviewed by Smith (1), 
Chesley (2) and Bucht (3) were for the most part 
limited to the immediate pre- and postpartum pe- 
riod when deviations from the nonpregnant state 
are less marked. On the other hand, the studies 
of Nice (4) demonstrated a marked increase of 
urea clearance in mid-pregnancy while those of 
Bonsnes and Lange (5) and Bucht (3) showed 
significant increases in both renal plasma flow and 
in glomerular filtration rate during mid-preg- 
nancy which persisted to approximately the thirty- 
eighth week. 

At the time the present study was begun, no 
serial studies of renal function during normal 
pregnancy and in the postpartum period had been 
reported and it was the purpose of this study to 
make such observations. Serial studies eliminate 
the element of apprehension encountered in single 
studies which, as emphasized by Miles and De- 
Wardener (6), may distort the results. Our find- 
ings confirm the increased renal function in preg- 
nancy, and define the resultant lowering of the nor- 
mal range of values for plasma urea and plasma 
creatinine during pregnancy. Previous observa- 
tions are extended to include the puerperium and 
indicate that there is a decline of renal plasma flow 
to subnormal values during this period. 


METHODS 


Experimental and control subjects. The 12 pregnant 
subjects of this study ranged from 19 to 35 years of age, 


1This work was supported by a grant (RG-3745) 
from the National Institutes of Health, United States 
Public Health Service. 

2 Presented in part at a meeting of the American Fed- 
eration for Clinical Research, December, 1955. 

3 Markle Scholar in Medical Science. Present address: 
Dept. of Obstetrics and Gynecology, School of Medicine, 
University of Arkansas, Fayetteville, Ark. ; 


averaging 27 years. One subject (K) was studied dur- 
ing a second pregnancy. Their parity was from one to 
five children, with an average of two children. No pa- 
tient exhibited any suggestion of toxemia during the study 
or during any previous pregnancy, nor was there any 
evidence of hypertension or urologic disease. One pa- 
tient (E) was delivered by cesarean section at 38 weeks 
because of a placenta previa, and another (H) spontane- 
ously delivered twins at 34 weeks. A group of nine non- 
pregnant women were control subjects. One of the con- 
trol subjects (N) subsequently became pregnant. The 
average age was 25.7 years, with a range of 21 through 
33 years and an average parity of 1.1. 

Procedure. Renal clearances of para-aminohippurate 
(PAH) and of inulin were determined by the constant 
infusion technique of Goldring and Chasis (7). When 
creatinine clearances were measured, meat was eliminated 
from the diet, as recommended by Camara, Arn, Keimer 
and Newburgh (8). During the period of study, the pa- 
tients were in a semi-supine position. For comparison, 
studies were also made on seven subjects ,in both supine 
and left lateral positions. A minimum of three collection 
periods of 15 to 30 minutes in length, depending on the 
urine flow, were employed. Each period was terminated 
by irrigation of the bladder with 100 to 200 ml. of physi- 
ological saline solution and 50 to 100 ml. of air, both of 
which were totally recovered before the next period was 
begun. In a subsequent series of clearance studies during 
pregnancy (9), the patients were asked to stand at the 
end of the collection period. In only one instance was 
more than a few additional ml. of urine obtained. These 
observations in conjunction with those of Chesley and 
co-workers (10), who found that during pregnancy no 
better results could be obtained by direct irrigation of 
the renal pelves, suggest that recovery of bladder urine 
is complete. The plasma concentrations of inulin and 
PAH were graphed for the period of each clearance 
study. The value at the midpoint of each collection pe- 
riod was interpolated from the graph for calculation of 
clearance. No allowance was made for time of delay, 
since the plasma concentrations of inulin and of PAH 
were maintained relatively constant. Concentrations of 
inulin ranged between 20 and 30 mg. per 100 ml. and of 
PAH between 1 and 2 mg. per 100 ml. The procedures 
were made essentially atraumatic by the use of indwelling 
needles, using Metacaine® as local anesthetic. In order 
to avoid conjugation of dextrose with PAH (11) and 
consequent lower apparent clearance rates, saline rather 
than dextrose was used in the preparation of the intra- 
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haw \b! \ Fic. 1. GrapHic PortrAyAL OF CLEARANCE DATA FROM TABLE I 


The horizontal dashed lines represent the mean values for the group of normal nonpregnant subjects. The 
shaded areas represent two standard deviations from the mean. The paired vertical lines represent the actual 
times of delivery. Values are graphed for a subsequent pregnancy in one patient (K). 


venous solutions. Inulin of uniform molecular weight, 
which was shown to contain negligible amounts of free 
fructose, was employed throughout the study.* 

Blood pressure and pulse rate, except as noted, were 
taken at the beginning of each collection period. Body 
temperature was recorded at the beginning and end of the 
procedure. 

Patients were shown to be free of infection by smears 
and cultures of urine taken at the beginning of each study. 
Heparin was used as an anticoagulant. Blood samples 
were centrifuged within an hour of drawing and analyzed 
the same day for PAH, or frozen and stored at — 20° C. 
until analyzed at a later time. 

Analytical procedures. All determinations were car- 
ried out in duplicate. 

Inulin was determined by the method of Roe as modi- 
fied by Schreiner (12) and three standard solutions were 
run with each set of analyses. Plasma proteins were pre- 
cipitated by the Somogyi method using zinc sulfate and 
sodium hydroxide (13). Correction was made for the 
inulinoid blank of plasma, but in samples of urine from 
the fasting subjects, a negligible blank value was found. 
Nine analyses at random of frozen aliquots of a known 
preparation of urine containing 200 mg. per 100 ml. of 


*Inulin from the Warner-Chilcott Company was pro- 
vided without charge for the initial studies of the 
series. PAH was obtained from the Sharp and Dohme 
Company. 


inulin had a mean and standard deviation of 202 + 7.2 mg. 

Para-aminohippurate was determined by the method of 
Brun (14) employing 3 ml. aliquots of the protein-free 
filtrate used for inulin determinations. Recoveries of 
PAH added to urine and plasma were found to be within 
5 per cent. The Metacaine® used for local anesthesia did 
not interfere with this determination. 

Creatinine was determined by the method of Borsook, 
as modified by Hare (15). When analyzing plasma, in 
order to obtain satisfactory ranges of optical density 
using the Coleman model 6 spectrophotometer, 6 instead 
of 2 ml. of protein-free filtrate was employed in the 
procedure. 

Urea was determined by a modification of the method 
of Gentzkow (16), adding iodine after nesslerization to 
avoid turbidity (17). Analyses of a series of control 
aliquots of plasma containing 14.6 mg. per 100 ml. gave 
a standard deviation of + 0.37 mg. 

Calculations. All values for clearances were corrected 
to a standard body surface area of 1.73 M.*. The effective 
renal plasma flow (ERPF) has been taken as the actual 
clearance of PAH uncorrected for the extraction ratio. 
The filtration fraction was calculated from the ratio 
Cin/Cpan. 


RESULTS 


In Table I the significant data on the subjects 
including the individual clearance values are re- 
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TABLE I 
Renal clearance studies in 12 patients during pregnancy and the puerperium 
Clearance 
of para- 
Subject Time of Body amino- Clearance Plasma Plasma 
Age clear- surface Hema- Blood hippurate Clearance of creati- creati- urea 
Parity ance area tocrit pressure Pulse (PAH) of inulin nine nine nitrogen 
weeks M2 % mm. Hg ml./min. ml./min, ml./min. mg./100 ml.  mg./100 ml. 
E. M. 13 1.65 772 154 200 0.40 
34 24 1.71 40 115/58 62 759 164 199 0.46 10.1 
3 31 1.74 40 110/57 58 676 159 169 0.45 6.7 
34 1.77 40 121/58 59 790 153 181 0.40 
* 37 1.79 38 114/57 61 732 179 192 0.40 7.5 
49 1.67 45 129/66 44 316 92 113 0.64 14,3 
62 1.63 45 120/62 51 456 124 11.5 
94 1.62 48 105/59 64 726 107 134 0.56 8.0 
A. M. 17 1.70 34 98/50 756 155 153 0.47 
28 23 1.73 35 107/50 76 887 188 181 0.50 11.7 
2 28 1.74 35 99/73 76 ! 829 172 178 0.48 8.1 
33 1.76 33 105/57 78 875 196 186 0.44 9.5 
sc: had 38 1.76 36 105/54 78 796 158 175 0.50 8.4 
50 1.69 43 115/66 64 433 97 16.1 
56 1.69 37 106/69 62 480 126 14.5 
122 1.67 39 99/57 67 600 89 126 0.67 15.4 
RS. 18 1.51 115/65 80 673 139 167 0.42 8.7 
19 26 1.60 37 98/60 84 868 159 205 0.38 7.9 
0 37 1.63 37 117/80 76 479 137 114 0.53 8.5 
50 1.55 40 104/68 60 373 88 84 0.64 11.0 
“— 65 1.53 39 119/74 52 399 104 52 8.9 
97 1.55 40 106/72 55 492 82 103 0.67 14.3 
G. H. 8 1.62 47 108/62 77 843 119 10.8 
27 12 1.64 40 111/62 80 952 185 170 0.45 10.3 
1 18 1.67 40 98/68 80 739 169 165 0.46 8.9 
32 1.73 40 110/60 80 847 146 152 0.47 9.1 
ie ad 40 1.75 40 119/67 70 671 143 124 0.52 10.9 
45 1.63 51 109/65 65 640 105 87 0.58 15.1 
N. W. 24 1.76 37 94/58 676 146 106 0.51 12.5 
32 29 1.77 35 90/60 75 902 179 144 0.52 11.8 
4 33 1.78 35 90/60 75 950 176 172 0.51 9.7 
39 1.78 32 86/60 165 142 0.54 9.7 
"A" 45 1.54 43 101/67 60 535 92 13.4 
55 1.61 42 89/57 54 650 103 136 0.67 16.6 
D.B. 18 1.78 37 97/59 62 678 189 183 0.45 8.0 
32 23 1.81 40 708 181 0.41 7.4 
2 29 1.84 35 568 148 158 0.43 6.9 
33 1.85 36 102/64 71 663 176 181 0.40 8.6 
—_" 36 1.87 34 102/68 67 445 160 116 0.46 7.3 
38 1.89 34 108/72 72 523 163 165 0.41 7.9 
50 1.68 43 102/70 60 564 107 116 0.56 10.8 
D. B. 10 1.77 35 102/62 60 757 159 158 0.43 8.5 
33 15 1.81 40 100/58 74 860 178 195 0.41 10.5 
3 
M. M. 19 1.53 131 150 0.63 
31 22 1.54 33 100/80 75 768 128 169 0.50 8.7 
2 26 1.56 33 100/70 75 716 125 148 0.51 9.5 
33 1.60 35 100/60 80 609 119 130 0.62 7.6 
os « 37 1.62 35 98/60 66 467 107 94 0.66 9.9 
55 1.50 46 98/75 72 443 89 115 0.71 9.6 
69 1.47 45 102/70 68 449 94 10.0 
99 1.47 45 103/70 64 528 108 76 0.72 10.8 
P.F. 32 1.65 35 110/60 76 565 125 149 0.46 8.5 
23 37 1.67 40 583 135 164 0.48 8.5 
1 38 1.67 39 111/60 60 480 137 139 0.54 8.0 
51 1.58 42 97/53 68 498 76 94 0.59 13.4 
wy ie 61 1.56 42 369 95 88 0.67 15.6 
* The letters in quotation marks are those used in the graph of Figure 1. 
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TABLE I1—Continued 














Clearance 
of para- 
Subject Time of Body amino- Clearance Plasma Plasma 
Age clear- surface Hema- Blood hippurate Clearance of creati- creati- urea 
Parity ance area tocrit pressure Pulse (PAH) of inulin nine nine nitrogen 
weeks M2 % mm. Hg ml./min. ml./min, ml./min. mg./100 ml.  mg./100 ml 
I. B. 15 1.65 631 145 187 0.42 10.3 
27 19 1.66 37 100/50 75 809 137 198 0.37 11.3 
0 28 1.69 39 112/55 80 790 130 168 0.41 8.0 
32 1.70 39 107/58 81 560 119 138 0.35 8.4 
“Ep” 49 1.61 44 100/60 60 433 110 100 0.67 12.9 
100 1.60 40 109/63 64 400 101 94 0.61 10.2 
G. S. 25 1.58 39 105/58 80 686 143 160 0.53 8.3 
31 29 1.58 40 98/58 76 848 162 173 0.43 8.9 
2 34 1.61 37 97/58 76 681 160 152 0.46 6.7 
38 1.65 39 98/60 68 558 165 132 0.59 6.1 
MG 4+ 1.53 47 115/68 56 444 97 99 0.64 12.6 
A. Ma. 27 1.89 667 139 150 0.58 10.9 
20 31 1.92 624 158 247 0.44 8.2 
1 43 1.80 407 92 122 0.67 16.0 
sa 71 1.78 47 100/60 507 100 82 0.71 17.2 
G. L. 11 1.37 38 92/50 75 856 147 185 0.43 7.9 
27 19 1.40 39 742 159 134 0.562 7.0 
3 27 1.44 35 98/48 78 780 144 117 0.550 7.0 
31 1.44 32 93/53 78 534 124 132 0.500 7.4 
ae Pag 38 1.47 35 110/72 75 598 116 125 0.500 7.6 
53 1.35 40 83/53 80 476 76 79 0.775 11.0 
66 1.33 44 95/61 80 591 84 107 0.800 5 





corded. Figure 1 graphically portrays the clear- 
ance data from Table I. Several interesting ob- 
servations regarding the individual serial studies 
can be made: 1) Though the pregnant subjects 
deviate from the nonpregnant normal range, all in- 
dividuals do not deviate in a similar manner ; and 
2) regardless of when the initial studies were done 
during pregnancy, there is a tendency for the ini- 
tial values to be relatively but not significantly de- 
pressed. This was particularly true in the indi- 
vidual subjects who were poorly relaxed during 
their initial study. Since serial studies on these 
subjects were to be compared with single observa- 
tions on nonpregnant control subjects, repeat stud- 
ies on the controls were done to determine whether 
there might be a significant difference when the 
subject became accustomed to the procedure. The 
mean values with their standard deviations and 
the standard deviations of the differences of the 
means in clearance of inulin and PAH and the 
difference in the standard deviation of the means 
between the two sets as shown in Table II were 
not significant. For statistical purposes the values 
from both sets were averaged to afford data as 
nearly comparable as possible to that recorded 
from the experimental subjects. 

A difficulty in making comparison with nonpreg- 


nant normals might be the possible relationship of 
the menstrual cycle to the measurements. How- 
ever, no correlation could be found between the 
results obtained in 18 clearance studies in the nine 
normal subjects and the stage of the menstrual 
cycle. 

In Figure 2 is shown graphically the mean val- 
ues at various stages of pregnancy and the puer- 
perium for the clearances of inulin and of PAH, as 
well as the filtration fractions with their relation to 
the normal, nonpregnant means. In order to have 
adequate points for statistical analysis, the points 


TABLE II 


Comparison of initial and repeated renal clearance studies 
in nine normal nonpregnant subjects 








Clearance of para- 


Clearance of inulin aminohippurate 





Mean Mean 
(ml./min.) S.D.* S.E.t (ml./min.) S.D.* S.E.t 





Initial 

study 100 = 11.8 576 999.4 
Repeat 

study 108 105 3.9 G23... 378. 274 
Average 103.4 9.75 600 70 





* Standard deviation. . | 
¢ Standard error, based on comparison of paired obser- 
vations. 
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Fic. 2. DracRAM SHOWING THE MEAN AND Two STANDARD DEVIATIONS OF 
SERIAL CLEARANCE VALUES IN NoRMAL PREGNANCY IN RELATION TO NONPREGNANT 


CONTROLS 


Numbers above the bars represent the number of observations averaged at each 
stage of pregnancy. See text for details of construction. 


within periods of 11 and 8 weeks were employed 
through the twenty-eighth week of gestation and of 
4 weeks from the twenty-eighth through the for- 
tieth week. During the postpartum period, in- 
tervals of 8 weeks were employed during the first 
18 weeks and of 18 weeks from the eighteenth 
through the thirty-sixth week. Since the data 
were not accumulated at the same time intervals 
for each patient, the mean of the time intervals for 
all studies falling within designated periods are 
plotted as the ordinate. This treatment of the data 
avoids employing values from straight lines con- 
necting widely separated points. In this and sub- 
sequent graphs the heavy horizontal line represents 
the mean of our series of observations on normal 
subjects with the stippled area demonstrating the 
range of two standard deviations above and below 
the mean. 


Effective renal plasma flow 


The effective renal plasma flow (ERPF) was 
found to be significantly elevated (p < 0.01) to 


770 ml. per minute by the fifteenth week of preg- 
nancy and remained elevated through the twenty- 
fourth week. However, during the weeks im- 
mediately ante partum the ERPF progressively 
returned to normal range. During the postpartum 
period, the values were observed to be significantly 
below normal for a variable number of weeks and 
as long as 25 weeks in five subjects. In all except 
three subjects (E, F and H) in whom late follow- 
up studies could not be obtained, it was found that 
the values eventually returned to the normal range. 
In this small series no correlation could be found 
between the depression of renal plasma flow and 
the presence or absence of lactation. If renal 
blood flow is calculated from the renal plasma flow 
in the usual manner from the hematocrit, a sig- 
nificant increase over the nonpregnant state is still 
found during the periods from the fifteenth 
through the thirty-sixth weeks of pregnancy, but 
not thereafter. Thus the increased plasma flow 
apparently represents a true increase in total blood 
flow and not merely a reflection of the hemodilu- 
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tion of the latter months of pregnancy. Accord- 
ingly the postpartum depression of plasma flow 
is reflected in a similarly significant depression of 
renal blood flow. 

One patient, designated as N in Figure 1, had 
previously served as a normal control and was 
later studied in the ninth week of pregnancy. 
The renal plasma flow was increased from 557 to 
805 ml. per minute, but the glomerular filtration 
rate (GFR) was essentially unchanged (105 and 
113 ml. per minute) giving a decrease in filtration 
fraction from 0.19 to 0.14. 


Glomerular filtration rate 


In contrast to the renal plasma flow, the glo- 
meruiar filtration rate, as indicated by the inulin 
clearance, remained significantly elevated (p< 
0.01) from the fifteenth to thirty-eighth week of 
pregnancy and fell to the range of normal as early 
as measured in the postpartum period. Once 
again, individual subjects (A, D, H and L) devi- 
ated from this pattern. 


Filtration fraction 


The filtration fraction (GFR/ERPF) was sig- 
nificantly elevated throughout the entire course 
of pregnancy and did not return to normal range 
until the postpartum period. Because the in- 
creased glomerular filtration rate was maintained 
in spite of the return to normal of the plasma flow, 
the filtration fraction became more markedly ele- 
vated as term was approached. Patients who 
initially had low values for plasma flow, neverthe- 
less consistently developed an increase in filtration 
fraction. 


Endogenous creatinine clearance and serum cre- 
atinine concentration 


Figure 3 shows the variations in endogenous 
creatinine clearance. The changes for the most 
part closely parallel those of the inulin clearance. 
However, there is wide individual variation in the 
ratio of creatinine to inulin clearance. As noted 
originally by Bucht (3), the ratio drops toward 
unity as term is approached, though in this series 
the change was not statistically significant. Dur- 
ing the latter part of pregnancy there is less devi- 
ation in the values of this ratio. Asa result a more 
reliable approximation of the true filtration rate 
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is obtained. Consistent with the increase in filtra- 
tion rate, the plasma creatinine concentrations dur- 
ing pregnancy (Figure 4) are sharply reduced 
from 0.67 + 0.14 to 0.46 + 0.13 mg. per 100 ml. 
(p< 0.01). There is very little overlap with the 
range found in nonpregnant women. Since ile 
method employed in which creatinine is adsorbed 
on Lloyd’s reagent is more specific, these values 
for plasma creatinine are lower than if they had 
been determined by the more commonly used un- 
modified Folin method. 


Plasma urea nitrogen concentrations 


In the control subjects the usual wide range of 
normal concentrations of plasma urea nitrogen was 
found: a mean of 13.1 with a standard deviation 
of + 3.0. In the pregnant subjects, as shown in 
Figure 5, from the fifteenth week to term the mean 
was 8.7 mg. with a standard deviation of + 1.5 mg. 
These returned to the nonpregnant range early in 
the postpartum period. 


Effect of parity and age 


Parity ranged from zero to five previous preg- 
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Fic. 3. ENpocGeNous CREATININE CLEARANCE (HARE 
METHOD) DurRING PREGNANCY AND THE PUERPERIUM 


For method of construction of the graph, see Figure 2. 
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Fic. 5. Prasma Urea NitroGEN DurING PREGNANCY AND THE 
PUERPERIUM 


For the method of construction of the graph, see Figure 2. 
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this series no correlation of these factors with 
renal function during pregnancy was apparent. 


Posture 


The effect of posture on renal function in the 
late stages of pregnancy was studied. Duplicate 
clearance determinations were carried out on sub- 
jects alternately in the supine and in the left lat- 
eral position. Two sets of duplicate collection pe- 
riods of 20 to 30 minutes were performed in one 
position and compared with one set in the other 
position. No significant differences were evident. 
The weighted average of the glomerular filtration 
rates in the supine position in seven subjects was 
147 ml. per minute, while that in the left lateral 
position was 139 ml. per minute. In order to 
investigate the possibility that endogenous clear- 
ances during the daytime might be lower due to 
erect posture, endogenous creatinine clearance 
measurements were made during day and night 
periods. In six patients so studied there were no 
significant differences between the two periods ; in 
seven the night clearances were higher; and in 
eight they were lower. Similar comparisons were 
made in four institutionalized patients at intervals 
of two weeks throughout pregnancy. Again, no 
consistent pattern was noted. 


DISCUSSION 


The data from the above serial studies essen- 
tially confirm the finding of Bucht (3) that there 
is an increase in renal clearance of inulin and of 
para-aminohippurate during pregnancy. They 
also confirm his finding that in late pregnancy an 
elevated filtration rate is maintained in the face 
of a declining renal plasma flow, producing an 
elevated filtration fraction. Our findings are simi- 
lar to those of Bonsnes and Lange, who in their 
preliminary report (5) noted a rise of glomerular 
filtration in mid-pregnancy, and PAH clearances 
which followed the inulin clearances in direction 
but not in magnitude. The mean filtration rate 
and plasma flow found in the present study during- 
the middle trimester is somewhat lower than those 
of Sohar, Scadron and Levitt (190 ml. and 800 ml. 
per minute, respectively) (18), but again agree 
in indicating an elevation of filtration fraction as 
term is approached. By extending the serial 
measurements throughout the puerperium until 
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the values returned to the normal range it is dem- 
onstrated that for an extended period after de- 
livery renal plasma flow may be significantly de- 
pressed. 

No attempt has been made to calculate total re- 
nal resistances since in pregnancy both the mean 
arterial pressure and the renal venous pressure are 
uncertain. Likewise fractional renal resistances 
have not been estimated, since the evidence pro- 
vided by Pappenheimer and Kinter (19) has 
raised considerable doubt as to the mechanism of 
production and localization of such resistances. 

In this study the conventional correction of 
clearance values to a body surface area of 1.73 M.? 
has been made, which tends to minimize the in- 
crease in these values in relation to lean body 
mass, since as pregnancy advances there is a dis- 
proportionate gain in total body water (20). 

There are a number of consequences of the in- 
crease in filtration rate during pregnancy. The 
generally accepted normal ranges of plasma con- 
centration of urea and of creatinine, which are 
cleared predominantly by glomerular filtration, 
must be revised downward for pregnant subjects. 
Likewise any substance which is cleared pre- 
dominantly by filtration and which is normally 
reabsorbed by the renal tubules will be excreted in 
increased quantities during pregnancy, unless there 
is a concomitant increase in the capacity of the 
renal tubules to reabsorb that substance. Page, 
Glendening, Dignam and Harper (21), in the 
course of studies on the mechanism of histidinuria 
in pregnancy, noted the increase in glomerular 
filtration rate during pregnancy and found that this 
increase in the quantity filtered accounted for 
about half of the excess histidine excreted. Stud- 
ies in this laboratory indicate that a similar mecha- 
nism accounts for certain instances of benign gly- 
cosuria of pregnancy (9). 

Simultaneous endogenous creatinine clearances 
parallel the increase in inulin clearance during 
pregnancy. Active tubular secretion of creatinine 
is suggested by a ratio of creatinine to inulin clear- 
ance greater than unity. Like Bucht (3) we have 
noted that the ratio approaches unity as pregnancy 
nears term, though in our series the observation 
was not of statistical significance. 

The increase in renal function during pregnancy 
raises the question as to whether true anatomical 
hypertrophy of the kidney may develop. Available 
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evidence suggests that this is not so. In guinea 
pigs the kidneys increase in weight only during 
the puerperium (22). We have found (23) in 
our laboratory that there is no absolute increase 
in weight of the kidneys during pregnancy in the 
rat, but that there is an actual decrease in the 
weight of the kidney per unit of rat weight. We 
have also found that there is no change in the 
number of active glomeruli, when these are dem- 
onstrated by the technique of Moses and Schlegel 
(24) employing the fluorescent dye, thioflavin-S. 

Coincident with the increase in renal function 
during pregnancy, there is an increase both in total 
body water (20) and in plasma volume. The 
latter, as shown by Berlin, Goetsch, Hyde and 
Parsons (25), reaches 125 per cent of normal by 
the sixteenth week and increases to 155 per cent 
of normal by the thirty-sixth week. By the time 
that plasma volume reaches its peak, however, 
renal plasma flow has already declined well to- 
ward the nonpregnant range. 
unlikely that the increase in renal plasma flow is 
merely a passive reflection of some correlate of 
hypervolemia. There is a closer correlation be- 
tween renal plasma flow and resting cardiac output 
during the course of pregnancy. This has recently 
been shown by Bader, Bader, Rose and Braun- 
wald (26) to be elevated to 4.1 L. per minute 
from the fourteenth to the twenty-fourth weeks, 
and to decline toward the nonpregnant normal 
after the twenty-fifth week. While a major por- 
tion of the increment in cardiac output in mid-preg- 
nancy is accounted for by the demands of the 
placenta (27), approximately 300 ml. per minute 
of the increment can be accounted for by the in- 
crease in renal blood flow. 

A number of observations suggest that the in- 
crease in renal function in pregnancy is mediated 
by endocrine factors. The secretion of a number 
of hormones of both adrenal and placental origin 
is markedly increased during gestation. Certain 
hormones, notably thyroid, adrenal cortical, and 
somatotropic, have the capacity to cause an in- 
crease in renal function and therefore may ac- 
tively contribute to the increased renal function of 
pregnancy, and their partial withdrawal during the 
postpartum period may in part explain the regres- 
sion of renal function during the puerperium. 
Thyroid hormone produces renal hypertrophy in 
rats (28) and an increase in filtration rate and 


Hence it seems 
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Tmp in normal dogs (29). The concentration of 
precipitable iodine rises early in pregnancy (30), 
but in contrast to the effect of this agent in ani- 
mals there is apparently no histological hyper- 
trophy of the kidney, and Tmpay (and hence pre- 
sumably Tmp) is not increased (18). In addition, 
in subsequent studies in this laboratory no differ- 
ence was found in the concentration of protein- 
bound iodine between a group of six pregnant 
patients with low filtration rates as opposed to 
six comparable patients with high filtration rates. 
Thus the contribution of the thyroid remains to be 
defined. Relative to the adrenal steroids, Garrod, 
Davies and Cahill (31) have shown in the dog 
that desoxycorticosterone increased GFR only 
when causing excessive retention of sodium and 
water ; on the other hand, cortisone exerts an im- 
mediate increase in the filtration rate. The excre- 
tion of aldosterone has been found by chemical 
determination to be increased to 10 times normal 
values during late pregnancy (32) and to return 
to the nonpregnant rate of excretion immediately 
postpartum. Ingbar and co-workers (33) found 
in man that inulin clearance was increased by 
adrenocorticotropic hormone (ACTH) and by 
cortisone. The excretion of glucocorticoids is in- 
creased during pregnancy (34) and the serum 
concentration of 17-hydroxycorticoids increases 
early in pregnancy, reaching nearly seven times 
the normal nonpregnant value (35), so it is reason- 
able to assume that cortical steroids may contribute 
significantly. Finally, striking augmentation of 
renal function has been produced experimentally 
by anterior pituitary hormone. In the dog, White, 
Heinbecker and Rolf (36) have demonstrated 
doubling of the clearance of PAH and of inulin 
after 9 to 12 days of administration of growth 
hormone. In man, Heller, Smith and Lubin (37) 
described in five male patients with acromegaly 
augmented clearance of PAH and a proportionally 
greater increase in filtration rate, similar to that 
seen in the latter months of pregnancy. However, 
in contrast to the findings in pregnancy there is ab- 
normally high tubular excretory capacity for PAH 
as well. There are no data to indicate whether 
there is increased secretion of somatotropin in 
human pregnancy. However, Contopoulos and 


Simpson (38) recently demonstrated that there is 
a threefold increase in growth-promoting activity 
of plasma from pregnant rats at the sixteenth to 
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twentieth days of gestation as measured by bio-as- 
say on hypophysectomized rats. This increased 
activity was not decreased by hypophysectomy of 
the mother at the twelfth day of pregnancy, which 
suggests a fetal or placental origin of the growth- 
promoting factor. 

Thus it appears likely on the basis of the indirect 
evidence cited above, although not proven, that 
augmented endocrine secretions, notably somato- 
tropin, adrenal cortical and possibly thyroid, ac- 
count for the increase in renal function in preg- 
nancy. 


SUMMARY 


Serial renal function studies by standard tech- 
niques have been carried out on 9 control subjects 
and 12 pregnant subjects from the fifteenth through 
the fortieth weeks of pregnancy and at intervals 
during the puerperium, with the following results : 

1. The estimated renal plasma flow and renal 
blood flow were approximately 25 per cent higher 
than control values throughout early and mid- 
pregnancy, declined to control values during the 
last trimester, and then decreased to values sig- 
nificantly below the control values for many 
months during the puerperium. 

2. The glomerular filtration rate was increased 
approximately 50 per cent throughout pregnancy, 
returning to the range of nonpregnant subjects 
early in the puerperium. 

3. The filtration fraction was significantly ele- 
vated throughout pregnancy, rising to approxi- 
mately 40 per cent above control values as term 
was approached, and remaining inconstantly ele- 
vated during the puerperium. 

4. As a result of the increase in filtration rate the 
concentrations of urea and creatinine in the plasma 
were reduced to approximately one-half and two- 
thirds, respectively, of the concentrations in non- 
pregnant subjects. 


The possible mechanisms producing these 
changes are discussed. 
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The electrophoretic pattern of the serum in the 
nephrotic syndrome is marked by decreased con- 
centrations of albumin and elevated concentrations 
of alpha,- and beta-globulins. A large portion of 
the excess lipid in nephrotic serum migrates at 
pH 8.6 in the alpha, region, whereas normally 
the major part of the lipid is found in the beta 
position. This abnormal finding has never been 
adequately explained. Thus, Swahn remarks that 
“the electrophoretic separation of alpha,- from 
beta-globulin in nephrotic sera is often poor and 
it is difficult to decide whether there is a patho- 
logical lipoprotein fraction migrating quicker 
than normal beta lipoprotein” (1). 

Unesterified fatty acids (UFA) have been re- 
cently demonstrated to be of considerable impor- 
tance in lipid transport and metabolism (2). In 
normal serum these acids are generally considered 
to be predominantly carried by albumin. How- 
ever, Gordon (3) and others (4-6) have shown 
that UFA can increase the electrophoretic mobility 
of serum lipoproteins when liberated in vivo by 
heparin-released lipoprotein lipase or when added 
directly to the serum in vitro. It was inferred 
by the above investigators that at these high 
levels, a significant fraction of the UFA became 
associated with the lipoproteins, thereby increas- 
ing their negative electrostatic surface charge. 

The present paper reports on direct measure- 
ments of the partition of UFA resulting from 
the competitive binding of UFA by the albumin 
and lipoprotein components of the serum. The 
distribution of UFA in normal sera was compared 
with the distribution in pathologic sera, in which 
the total UFA concentration does not deviate ap- 
preciably from normal, but in which the relative 


1 Preliminary reports appeared in Bull. Res. Coun., 
Israel, 1957, 6A, 307, and Fed. Proc. 1958, 17, 309. 
2 Hadassah Medical Organization Research Fellow. 


albumin and lipoprotein concentrations are so 
altered as to produce a marked shift in UFA 
equilibrium. It could indeed, that 
such conditions prevail in the nephrotic syndrome 
and to a lesser extent in other hyperlipemias and 
appear to be responsible for the irregular electro- 
phoretic pattern of serum lipoproteins observed 


be shown 


in these states. 


MATERIALS AND METHODS 


The blood samples were obtained from fasting sub- 
jects and promptly chilled. Separation and analysis of 
the sera was started within two hours of blood with- 
drawal. 

Unesterified fatty acids (UFA) were first determined 
by the method of Dole (7) and later by a modification 
(8) of the method of Gordon (9) as indicated in the text. 
In the extraction mixture used by Gordon, part of the 
glacial acetic acid has been replaced by acetic anhydride. 
The sample was introduced into the modified solvent 
without previous lyophilization. After the dehydration 
was completed, the washing and titration procedures of 
Gordon were followed. 

Total protein was measured by the biuret method of 
Weichselbaum (10). Serum lipids were determined by 
the method of Bragdon (11). Total lipid values were ob- 
tained by dividing the dichromate oxidation value by 
17.7. Total esterified fatty acids were estimated accord- 
ing to Stern and Shapiro (12). 

In the initial experiments the procedure used to meas- 
ure the amount of albumin-bound UFA was to separate 
the serum albumin by precipitation of the globulins at 60 
per cent ammonium sulfate saturation (13). A few mil- 
liliters of serum were mixed with an equal volume of the 
ammonium sulfate solution, placed in a cellophane bag 
and dialyzed against the same solution at 22° C. with 
stirring for 16 hours. The contents of the bag were then 
centrifuged at 10,000 x G, the supernatant filtered when 
necessary and the ammonium sulfate dialyzed off. Elec- 
trophoretic examination in barbital buffer at pH 8.6 re- 
vealed that about 95 per cent of the supernatant protein 
moved as one component with the mobility of albumin. 
Lipid analysis has shown that the albumin thus separated 
contained less than 0.02 Gm. of plasma lipids other than 
UFA per Gm. of protein. The molar ratio of UFA to 
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albumin was obtained from the determination of UFA 
and protein contents of the isolated albumin sample. The 
amount of UFA bound to the total serum albumin was 
calculated from the above ratio and from the albumin 
concentration in the given serum as estimated from the 
electrophoretic pattern. 

Preparative ultracentrifugation of sera was performed 
as described by Havel, Eder and Bragdon (14) and 
Bragdon, Havel and Boyle (15). Aliquots of the sera 
were brought to densities of 1.019, 1.063 and 1.21, re- 
spectively, by diluting with concentrated solutions of 
potassium bromide. A few experiments were performed 
using deuterium oxide or a solution of sucrose in deu- 
terium oxide to raise the density and are referred to in 
the text. After spinning in the No. 40.3 rotor of the 
Model L Spinco ultracentrifuge, the lipoproteins floated 
to the top of the tube, were collected quantitatively, and 
the UFA directly -extracted using the modified method 
of Gordon (8). Aliquots of infranatants at each den- 
sity were extracted similarly. The recoveries of the ex- 
tracted UFA at each density ranged from 90.2 to 115.5 
per cent of the value determined on the whole serum 
before centrifugation (60 experiments). However, in 
most experiments the recovery was within 5 per cent 
of the original value. The percentage of UFA bound to 
the lipoproteins d < 1.019, d= 1.019 to 1.063 and d = 1.063 
to 1.21 was obtained by difference. For example, the 
per cent UFA in the d= 1.019 to 1.063 class equals per 
cent UFA in lipoproteins flotated at d< 1.063 minus 
per cent UFA in lipoprotein of d < 1.019. 

For enrichment of nephrotic sera with albumin, Bovine 
Fraction V (Armour Lot No. K11511) was used. Prior 
to use its UFA content was reduced by brief treatment 
with methanol (16) at —5° C. to 0.38 Eq. per M of al- 
bumin, assuming a molecular weight of 69,000 for albu- 
min.? The albumin thus obtained was electrophoretically 
homogenous when examined in barbital buffer at pH 8.6 
and its mobility was — 5.8 x 10° cm.’ Volt.” sec.*. 

Moving boundary electrophoresis was performed in a 
Perkin Elmer apparatus 38A, equipped with the Philpot- 
Svensson optical system. The sera were diluted three- 
to fourfold and dialyzed for 24 hours against barbital 
buffer, pH 8.6, ionic strength 0.1 at 4° C. The electro- 
phoretic mobilities were calculated from the descending 
boundary patterns, while the relative concentrations of 
the resolved components were derived from the ascend- 
ing boundaries. Duplicate determinations performed on 
two samples of the same serum gave results differing 
up to 5 per cent. 

Paper electrophoresis was performed on Whatman 3 
MM sstrips in the apparatus of K6iw, Wallenius and 
Gronwall (18). The proteins were stained with amido 
black and the lipoproteins with oil red O. The stained 
strips were quantitated in a photometric automatic re- 
corder (Spinco Analytrol) with 600 and 500 my filters, 
respectively. 


8 After this work was completed a more efficient proce- 
dure for preparation of UFA-free albumin was published 
(17). 
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RESULTS 
The UFA content of nephrotic serum 


The mean UFA content of 12 nephrotic sera as 
measured by the method of Dole was 0.505 mEq. 
per L. (range, 0.290 to 0.740 mEq. per L.). 
These values were not significantly different from 
the normal level of 0.521 mEq. per L. (range, 
0.385 to 0.688 mEq. per L.) as found on 10 
subjects. 


Albunrin-bound UFA of normal and nephrotic 
serum 


The albumin-bound UFA in serum, measured 
on samples obtained at 60 per cent ammonium 
sulfate saturation, are indicated in Table I. 
More UFA per mole of isolated albumin was 
found in nephrotic sera than in normal sera. 
However, the percentage of the total serum UFA 
bound to nephrotic albumin was on the average 
only 35.7 per cent (12 sera) as compared with 
77.6 per cent in 10 normal sera. Thus, in spite 
of normal serum UFA levels, considerable amounts 
of UFA are present in nephrotic serum in a 
form other than UFA-albumin complex. As 
suggestive evidence from electrophoretic studies 
(4-6) pointed to lipoproteins as alternative ac- 
ceptors of UFA, determination of lipoprotein- 
bound UFA was undertaken. 


Lipoprotein-bound UFA in 
and hyperlipemic sera 


normal, nephrotic 


Percentages of total serum UFA bound to 
the three main classes of lipoproteins isolated by 
means of ultracentrifugal flotation are presented 
in Table II. In comparison with normal sera, 
the distribution pattern of UFA is markedly al- 
tered in nephrosis and to a lesser extent in hy- 
perlipemia. The percentage of lipoprotein- 
bound UFA increases severalfold in these con- 
ditions. To illustrate the competitive nature of 
the binding of UFA by serum albumin and 
lipoproteins, values of total lipoprotein-bound 
UFA and of the total lipid to albumin ratio in the 
same serum are given in the table. It appears 


that the shift of UFA into the lipoproteins is 
dependent on the magnitude of this ratio. 

This may be further illustrated by graphic 
presentation of similar relationship obtained in 
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TABLE I 
Albumin-bound unesterified fatty acids (UFA) in nephrotic sera 











Molar % of serum 

Serum Serum ratiot UFA bound 

Subject albumin* UFAT UFA/alb. to albumin 

Gm./100 ml. mEq./L. 

1 Primary nephrotic syndrome 1.41 0.60 1.10 37.0 
2 Primary nephrotic syndrome 0.65 0.39 1.21 28.7 
3 Primary nephrotic syndrome 0.86 0.42 0.91 26.6 
4 Primary nephrotic syndrome 1.38 0.48 1.10 44.7 
5 Primary nephrotic syndrome 1.87 0.46 0.86 49.8 
6 Primary nephrotic syndrome 0.28 0.29 1.60 22.0 
7 Nephrotic stage of glomerulonephritis 1:53 0.41 0.87 36.6 
8 Nephrotic stage of glomerulonephritis 2.87 0.74 0.98 54.3 
9 Nephrotic stage of lupus erythematosus 0.73 0.52 1.17 23.6 
10 Nephrotic stage of dermatomyositis 1.63 0.53 0.94 41.2 
11 Advanced diabetic nephropathy 1.16 0.70 1.15 21.9 
12 Nephrotic syndrome in pregnancy 1.60 0.52 0.95 41.8 
Mean + S. D. of 10 normals 3.45 0.52 0.77 77.6 
+0.36 +0.09 +0.12 +7.8 





* Calculated from the results of electrophoretic separations. 
+ Determined by the method of Dole (7). 
t On albumin separated from serum at 60 per cent saturation with ammonium sulfate. 


the sera from the first 12 cases of nephrotic syn- bumin is reduced with rise of lipid or decrease 
drome which were fractionated with ammonium of albumin concentration in the serum. 

sulfate solution (Figure 1). The plot indicates Table II also includes the results of representa- 
that the percentage of total UFA bound to al- tive experiments in which the potassium bromide 


TABLE II 
Distribution of UFA among serum lipoproteins 








Percentage of serum UFA in lipoproteins 











loating at the density* Total serum 
Subject <1.019 1.019-1.063 1.063-1.21 Total Lipids Albumin __ Lipid/Albumin 
mg./100 ml. mg./mg. 
Normal 1 2.4 6.9 6.5 14.9 570 4,100 0.14 
2.2 6.8 6.1 15.1 566 3,700 0.15 
3 2.3 7.3 10.2 aA 607 3,850 0.16 
4 3.3 9.3 17.2 29.8 
da 27 79 10.4 21.0 650 3,750 0.17 
5 2.8 7.8 6.2 16.8 . 
5a 27 7.6 5.0 15.3 585 3,800 0.15 
6 1.2 47 9.9 15.8 : r 
6a 1.0 43 8.0 13.3) 615 3,950 0.16 
Nephrotic 13 17.3 20.0 10.5 50.8 2,010 640 3.1 
14 4.7 14.1 4.9 23.7 681 2,800 0.24 
15 6.1 14.7 11.2 a 1,032 2'350 0.44 
16 23.8 12.5 6.9 43.2 
16a 309 13.9 6.2 40.0 3,400 790 4.3 
1 6.3 13.6 16.3 36.2 
17a (e9 11.7 10.5 28.1 1,290 1,200 1.1 
Hyper- 1 3.7 11.0 11.8 26.5 1,316 4,000 0.33 
lipemic 2 8.2 9.5 6.5 24.2 986 3,800 0.26 
3 108 11.8 9.2 31.8 2,055 3,950 0.41 
4 4.8 13.6 12.8 31.2 
da 14.5 12.0 10.2 367) 1,060 3,700 2 





* Solutions of potassium bromide were used to bring the sera to proper density except in experiments indicated by 
suffix a. In these sera deuterium oxide was added to density of 1.063 Gm. per ml. or a 50 per cent solution of sucrose 
in deuterium oxide for the density of 1.21 Gm. per ml. In the latter case the centrifugation time in the Spinco No. 40.3 
rotor was extended to 48 hours. 
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Fic. 1. DistripuTION OF UNESTERIFIED Fatty ACcIDs 
(UFA) Betwreen ALBUMIN AND GLOBULIN IN RELATION 
TO THE EsTeRIFIED Fatty Acip To ALBUMIN CONCEN- 
TRATION RATIO IN NORMAL AND NEPHROTIC SERA 


solutions employed for lipoprotein flotation were 
replaced by deuterium oxide solutions. These 
experiments were performed in order to test 
whether the high ionic strength of solutions 
(ammonium sulfate or potassium bromide) used 
to separate the albumin and lipoproteins affected 
the UFA distribution equilibrium in the serum. 
As shown in Table II small differences in the 
UFA content were apparent, particularly in the 
case of the d= 1.019 to 1.063 and d= 1.063 
to 1.21 lipoprotein fractions. This points to the 
fact that the experimental procedure under which 
lipoprotein separation was carried out may cause 
some alterations in UFA partition. One cannot 
extrapolate the results obtained in 
method to another. However, within any given 
fractionation procedure, the results are valid for 
relative comparisons of UFA partition in the 


any one 


normal and pathologic state. 





Electrophoretic pattern of nephrotic sera—Ef- 


fect of added albumin 


Moving boundary electrophoresis of nephrotic 
sera (Figure 2, A and C) showed the character- 
istic irregularity in the alpha,- and beta-globulin 
region. Either one or both of these fractions 
deviated from normal in respect to concentration 
and mobility. Their resolution was poor and 
sometimes an additional component of inter- 
mediate mobility was recorded. These observa- 
tions are consistent with the hypothesis that 
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enough UFA is bound to lipoproteins to displace 
them in the electrophoretic pattern. If this hy- 
pothesis is correct, restoring the UFA distribution 
towards normal should cause the electrophoretic 
mobilities of the serum lipoproteins to return to 
normal values. When UFA-poor albumin was 
added to nephrotic serum such a redistribution of 
UFA indeed Furthermore, a 
striking change towards normal was observed in 
the electrophoretic pattern of the albumin en- 
riched sera (Table III and Figure 2, B and D). 


was achieved. 


There was a decrease in the electrophoretic mo- 


bility of some serum components, especially in 
the beta-globulin zone, which markedly improved 
the resolution of the alpha,- and beta-globulin 
fractions. Where it was present, the intermediate 
“third” alpha component disappeared, most prob- 
ably being merged with the beta globulin and 
representing the lipoprotein component of this 
fraction. In most cases studied, a_ significant 


increase in the beta-globulin concentration and 








Cc D 
Fic. 2. AscENDING BouNDARY PATTERNS OF NE- 
PHROTIC SYNDROME SERA (Susjects No. 1 Anp 4) 
A and C, native serum; B and D, albumin-enriched se- 
rum. In each picture the extreme right peak corresponds 
to albumin. 
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TABLE III 


Effect of enrichment with albumin on the electrophoretic mobility and concentration of 
protein fractions in nephrotic syndrome serum 








Total serum 











protein Electrophoretic mobility Concentration 
Albumin UFA* in 
Subject Native enriched Alb. a a2 a3 Bt Alb. a a a B xt globulin fraction 
no. Gm./100 ml. cm.2 V.— sec.) K 1075 Gm./100 ml. mEq./L. % 

1 4.7 6.1 5.3 4.2 144 @75 - 254 0.378 63.0 
{ 8.0 $9 5.1 4.1 2.7 4.60 0.84 1.56 1.02 0.241 30.9 
2t 4.2 65 5.9 48 4.4 3.3 0.65 0.15 2.30 1.36 0.278 71.3 
8.1 6.1 4.6 3.7 3.1 4.25 0.15 2.00 1.70 0.111 19.5 
3 4.4 6.7 48 44 3.8 1.3 0.86 0.13 1.70 1.56 0.15 0.309 73.4 
8.0 5.9 3.8 2.5 1.3 4.20 0.16 1.76 1.63 0.16 0.220 34.9 
7 4.8 6.2 5.2 3.6 1.53 0.71 2.58 0.260 63.4 
75 6.0 4.7 3.7 2.7 4.15 0.75 1.60 1.00 0.206 36.8 
3.0 64 56 5.2 43 3.2 0.73 0.38 0.35 1.14 0.40 0.398 764 

9 4.0 6.2 $2 38 2.8 1.52 0.34 1.30 0.80 
7.4 6.0 5.1 3.6 2.3 5.20 0.21 1.23 0.84 0.247 29.8 
4.1 65 5.2 4.2 3.0 1.16 0.25 1.49 1.15 0.547 78.1 

11 6.2 6.3 48 3.8 2.9 3.32 0.28 1.00 1.59 
9.2 6.0 4.8 3.5 2.7 6.21 0.33 0.87 1.78 0.329 33.3 
Mean +S. D. 6.9 3.55 0.30 0.79 1.05 1.31 22.4 
of 10normals +0.5 +0.26 +0.05 +0.10 +0.12 +0.22 +7.8 








* The amount of UFA in the globulins was derived by subtraction of the amount found on albumin. 
+ At the dilution of nephrotic sera employed, the y globulin peaks were too small to be measured. 
t In this serum a small prealbumin component was observed which disappeared on enrichment with albumin. 


decrease in the alpha,-globulin concentration was 
recorded. 

Paper electropherograms of nephrotic sera, 
stained with oil red O (Figure 3), lend addi- 
tional evidence as to the lipoprotein nature of 
the beta-component, the mobility of which was 
most affected upon enrichment with UFA-poor 
albumin. They also hint that the migration rate 
of the alpha, lipoprotein in nephrosis may be 
affected by its increased UFA content. How- 
ever, accurate measurements of the mobility of 
this component could not be performed because 
of marked dilution of nephrotic, lipemic sera 
necessary for analysis in the moving boundary 
apparatus. The concentration of alpha, lipo- 
protein in nephrotic serum is diminished (19) 
and its peak at such dilution is hardly discernible. 


DISCUSSION 


Measurement of UFA on_ ultracentrifugally 
separated serum lipoproteins demonstrates that 
these proteins are capable of binding significant 
portions of serum UFA. Thus, albumin does not 
appear to be the sole carrier of serum UFA de- 
spite very high association constant for the first 
2 M of UFA per M of protein (20). Taking 
the normal concentration of serum albumin as 0.6 
mM per L., the amount of UFA which can be 


firmly bound to this first class of binding sites 
on albumin considerably exceeds the normal UFA 
level. The situation may therefore be regarded 
as a competition between the albumin and the 
lipoproteins for the available UFA. Such com- 
petitive interaction is indicated by the changing 
partition of UFA in serum with rising concen- 
tration ratio of lipoprotein to albumin, as ex- 
emplified in the pathologic conditions of ne- 
phrosis and hyperlipemia. In some of these sera 
with grossly distorted lipoprotein to albumin 
ratios, the UFA carried by lipoprotein may 
amount to more than half of total serum UFA. 

Goodman and Shafrir (21) have quantitatively 
studied the interaction of five unesterified fatty 
acids with d < 1.019 and d = 1.019 to 1.063 lipo- 
proteins. The studies were carried out by measur- 
ing the distribution of varying quantities of C**- 
labeled lauric, palmitic, stearic, oleic and linoleic 
acids in an isolated albumin-lipoprotein system. 
These acids comprise about 80 per cent of normal 
serum UFA (22). The results of this study, 
whe1' extrapolated to protein and UFA concen- 
trations of normal serum, indicate that only about 
1 per cent of the five acids cited would be bound 
to the low density (d< 1.063) lipoproteins. 
Moreover, high ionic strength solutions were 
shown to significantly alter the fatty acid distribu- 
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tion, resulting in a higher fraction of the fatty acid 
becoming associated with lipoprotein. These find- 
ings are in apparent contradiction to the results 
shown in Table II, where larger amounts of UFA 
were found with the lipoproteins and where flota- 
tion with potassium bromide and deuterium oxide 
as density media produced only small differences 
in the percentages of lipoprotein-bound UFA. 

Similarly, Gofman and co-workers (23) meas- 
uring the UFA contents of extracts of salt-flotated 
lipoproteins by infrared spectrophotometry, re- 
ported still higher amounts of UFA associated 
with the lipoproteins. 

It is therefore to be emphasized that in the 
results presented here the UFA content of the 
lipoprotein fractions was measured on the basis of 
the extractable and titratable acidity. It may be 
possible that some of the extracted acidity repre- 
sents a non-UFA constituent. However, it is 
more probable that some of the other serum un- 
esterified fatty acids not included in the above 
study (21) might distribute differently between 
albumin and lipoproteins. The discrepancy may 
be explained by assuming that a small fraction of 
serum UFA (5 to 10 per cent) is preferentially 
bound to the lipoproteins, its partition being neg- 
ligibly affected by raising the ionic strength of 
the flotation medium. The possibility that fatty 
acids with chain length greater than 18 carbon 
atoms may constitute such a group is under cur- 
rent investigation. 

The accelerating effect of UFA on the electro- 
phoretic mobility of serum protein components has 
hitherto been demonstrated only in the presence of 
excess of UFA (4-6). In the experiments re- 
ported here on nephrotic syndrome serum, in- 
creased mobility of lipoprotein components was 
shown to persist despite normal UFA content. 
The increased mobility seems to be strongly as- 
sociated with the shift in UFA partition equilib- 
rium as caused by the abnormally low albumin 
and elevated lipoproteins. In nephrosis most of 
the lipoproteins are of molecular density less than 
1.063 (24, 25). This lipoprotein group normally 
migrates in the beta-globulin zone, although ac- 
cording to Kunkel and Trautman (26) it includes 
some lipoproteins with alpha,-globulin mobility. 
Therefore the most pronounced effect of UFA 
made available for binding by the lipoproteins will 
be exerted on that fraction in particular. The 
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additional negative surface charge acquired by the 
UFA-rich nephrotic beta lipoprotein appears to 
be sufficient to displace it totally or partially into 
the alpha,-globulin zone. It remains to be de- 
termined whether the effect of UFA on the mo- 
bility of beta lipoprotein will be more pronounced 
in the type of nephrosis in which the lipoproteins 
of d= 1.019 to 1.063 rather than those of d< 
1.019 are elevated (24). 

It is pertinent that markedly increased lipid 
content of alpha,-globulins was observed by Ott 
in two patients with analbuminemia (27). This 
was considered to be due to partial displacement 
of the beta lipoproteins, which in such cases ap- 
pear to be sole carriers of serum UFA. 

Upon enrichment of nephrotic serum with 
UFA-poor albumin, considerable amounts of UFA 
left the globulin fraction and concomitantly the 
beta lipoproteins resumed their normal migration 
rate. This reversal of the rapid migration rate 
seems to warrant a general conclusion regarding 
the appreciable quantity of lipoproteins migrating 
ahead of the beta-globulin region in sera with 
seriously distorted lipoprotein to albumin ratios. 
Such phenomena should be considered as due to 
increased mobility of beta-lipoprotein rather than 
to the appearance of a new lipoprotein entity. 
While this consideration may help interpret ab- 
normal electrophoretic lipoprotein patterns, the 
physiologic significance of the competition awaits 
further elucidation. 


SUMMARY 


Albumin- and_ lipoprotein-bound unesterified 
fatty acids (UFA) in normal and nephrotic sera 
were measured. The total UFA content of neph- 
rotic sera was within the normal range but the 
proportion of UFA bound to lipoproteins was 
considerably higher than in normal sera. The 
partition of UFA appeared to be dependent on the 
lipoprotein to albumin concentration ratio in the 
serum. 

The electrophoretic resolution of alpha and beta 
components, as well as UFA partition in neph- 
rotic serum, was restored toward normal by the 
in vitro addition of UFA-poor albumin. This 
was due to the decrease in the electrophoretic 
mobility of the beta lipoprotein component in the 
albumin enriched serum. It is concluded that 
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the increased UFA content of the lipoproteins may 
be the principal cause of excess lipoproteins ap- 
pearing ahead of beta zone in the electrophoretic 
pattern of sera with grossly distorted lipoprotein 
to albumin ratios. 
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INCREASED ALDOSTERONE SECRETION FOLLOWING ACUTE 
CONSTRICTION OF THE INFERIOR VENA CAVA? 
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RALPH E. PETERSON with THE SURGICAL ASSISTANCE OF 
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(From the Section on Experimental Cardiovascular Disease, Laboratory of Kidney and Elec- 
trolyte Metabolism, National Heart Institute, and the Institute of Arthritis and 
Metabolic Disease, Bethesda, Md.) 


(Submitted for publication June 6, 1958; accepted August 25, 1958) 


Aldosterone secretion (1) and aldosterone ex- 
cretion in urine (2) are markedly elevated in dogs 
with chronic right heart failure and in dogs with 
chronic ascites secondary to thoracic caval con- 
striction. It was suggested that the adrenal cor- 
tex is stimulated to secrete aldosterone by factors 
resulting from a high venous pressure and the 
consequent loss of fluid and electrolytes from 
the blood stream. The precise nature of these 
factors remains to be defined. 

The purpose of the present study was threefold: 
1) to determine the effects of acute caval con- 
striction on aldosterone secretion in an attempt 
to develop an acute experimental preparation for 
evaluation of factors influencing aldosterone secre- 
tion; 2) to evaluate the effect of changes in vascu- 
lar volume on aldosterone output ; and 3) to apply 
a radioisotope derivative technique developed by 
two of us (B. K. and R. E. P.) for the determina- 
tion of aldosterone and corticosterone in 2 ml. 
samples of adrenal vein plasma. 


METHODS 


The material for this study consisted. of 11 mongrel 
dogs. Three types of experiments were conducted. In 
Experiment I (four dogs), the effects of acute constric- 
tion of the thoracic inferior vena cava were studied. In 
Experiment II (four dogs), the inferior vena cava was 
constricted immediately above the entrance of the adreno- 
lumbar veins. Experiment III (three dogs) was per- 
formed to ascertain the influence of thoracic caval con- 
striction while an intravenous infusion of dextran was 
administered to maintain or to increase plasma volume. 
Dextran (Expandex®) was injected as a 6 per cent solu- 
tion in isotonic sodium and potassium chloride; the 
osmolality of the solution was 290 mOsm. 

The design of the study consisted of observations dur- 
ing a control period of one hour and for three to four 

1 Reported at the spring meeting (1958) of the Ameri- 
can Physiological Society. 


hours following caval constriction. Three series of con- 
trol observations were made at 30 minute intervals. 
The experimental alteration, which consisted of caval 
constriction alone or with an accompanying dextran in- 
fusion, was then introduced and six to eight groups of 
determinations were made at similar intervals during the 
experimental period. 

In all experiments a nylon ligature was placed around 
the inferior vena cava before control observations were 
made. The ligature was extended through a silver can- 
nula to the outside of the chest wall so that constriction 
could be accomplished later without opening the chest 
between the control and experimental periods. The ani- 
mals received 100 per cent oxygen through an endo- 
tracheal tube attached to a pneophore at a pressure of 15 
cm. water. Adrenal vein blood was collected and meas- 
urements of adrenal blood flow were made by a tech- 
nique described previously (1). Ten ml. of adrenal vein 
blood and 10 to 14 ml. of peripheral blood were removed 
for each group of analyses; donor blood was given im- 
mediately to replace the blood withdrawn. Arterial and 
venous pressures were measured in the abdominal aorta 
and inferior vena cava, respectively, by continuous re- 
cording with Statham strain gages and a Sanborn re- 
cording system. Venous pressure was referred to a level 
6 cm. above the table surface. Dextran was given by 
means of a constant infusion pump into an external 
jugular vein. 

Aldosterone and corticosterone were determined in 2 
ml. samples of adrenal vein plasma by a double isotope 
derivative technique (3). Plasma was extracted with 
methylene chloride and the extract dried and acetylated 
with a 10 per cent solution of tritium-labeled acetic an- 
hydride in benzene. Measured amounts of authentic al- 
dosterone diacetate-C* and corticosterone monoacetate-C™ 
were added and the double labeled steroids separated and 
purified by paper chromatography. After two chroma- 
tographies, the samples were treated with 0.5 per cent 
chromic acid in glacial acetic acid. A final chromatog- 
raphy was used to separate the aldosterone and corti- 
costerone acetates from other labeled materials. The 
tritium and carbon-14 content of the purified steroids was 
determined with a liquid scintillation spectrometer. The 
ratio of tritium to carbon-14 approached a constant value 
after the third chromatography. The quantities of aldo- 
sterone and corticosterone present in the sample of plasma 
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were calculated from the amount of carbon-14 lost dur- 
ing chromatography, the yield of tritium radioactivity 
and the specific activity of the tritium-labeled acetic an- 
hydride. Recoveries for aldosterone yielded values of 95 
to 100 per cent. Porter-Silber reacting chromagens in 
adrenal vein plasma were measured by a modification (4) 
of the method of Silber and Porter (5). Studies (6) 
have demonstrated that 60 to 70 per cent of these chro- 
magens is hydrocortisone and 10 to 20 per cent is 11- 
desoxyhydrocortisone (Compound S). The rates of se- 
cretion of adrenal steroids were calculated from the con- 
centrations in adrenal vein plasma? and the rate of 
adrenal plasma flow. Preliminary data on equilibration 
of aldosterone with whole dog blood for one hr. at 37° C. 
showed that 45 per cent of the aldosterone was recovered 
from the red blood cells. From this value the concen- 
tration of aldosterone in whole blood can be calculated 
from the formula: wg. per cent of aldosterone in whole 
blood = wg. per cent of aldosterone in plasma (1 — he- 
matocrit + hematocrit X 0.818), where 0.818 is the ratio 
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Fic. 1. Errects oF ACUTE CONSTRICTION OF THE 
Tuoracic INFERIOR VENA Cava (IVC) on ALDOSTERONE 
AND CORTICOSTERONE SECRETION IN ADRENAL VEIN 
PLASMA 


Associated measurements of adrenal blood flow, ar- 
terial pressure, plasma volume and IVC pressure are 
presented. Arrows pointing upward indicate tightening 
of constricting ligature whereas release of ligature is 
represented by arrows pointing downward. The dotted 
lines show the average values for three control de- 
terminations. 


2 This calculation neglects the very low concentration 
of aldosterone in peripheral plasma which measurements 
show to be less than 1 per cent of that in adrenal vein 
plasma. 


of aldosterone in red blood cells to that in plasma. He- 
moglobin was measured as oxyhemoglobin (7). Changes 
in plasma volume were calculated from the formula: 


PV, _ Hgb: . 1 — Hets 
PV; Pa Hgb2 1 — Het, 








Plasma sodium and potassium were determined by flame 
photometry. Total plasma osmolality was measured 
with a freezing point apparatus designed by Bowman, 
Trantham and Caulfield (8). 


RESULTS 


Experiment I. Effects of acute constriction of 
the thoracic inferior vena cava (Dogs 1 through 


#) 


The secretion of aldosterone in adrenal vein 
plasma increased within 30 minutes and reached 
levels two- to fourfold greater than the average 
control rates of 0.008 to 0.024 pg. per minute 
(Figures 1 and 2). In contrast, corticosterone 
(see Figure 1) and Porter-Silber reacting steroid 
output decreased in three of the four dogs. This 
decline in steroid secretion was associated with a 
decrease in adrenal blood flow. Release of the 
ligature after approximately three hours failed to 
influence aldosterone secretion; adrenal blood 
flow, corticosterone secretion, and Porter-Silber 
steroid output remained unchanged or increased 
toward the control values. 

The increase in aldosterone secretion was as- 
sociated with an elevation in inferior vena caval 
pressure of 8 to 13 cm. of water, a reduction in 
arterial pressure of 10 to 55 mm. Hg and a de- 
crease in plasma volume of 36 to 65 per cent. No 
consistent changes in the concentrations of plasma 
sodium or potassium were observed and plasma 
osmolality was not detectably altered. Removal 
of the constriction was followed immediately by 
complete or nearly complete restoration of cardio- 
vascular hemodynamic function but plasma volume 
increased only slightly (4 to 20 per cent) during 
a recovery period of one and one-half hours. 


Experiment II, Effects of acute constriction of 
the abdominal inferior vena cava above the ad- 
renolumbar veins (Dogs 5 through 8) 


Constriction of the abdominal inferior vena 
cava resulted in increased aldosterone output in 
two of the four animals (Dogs 6 and 7). The 
response occurred (see Figure 3) only in the 
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presence of marked caval constriction and in as- 
sociation with large sustained increments (greater 
than 14 cm. of water) in venous pressure. In 
Dog 6, the initial constriction with a resultant 
elevation in venous pressure of 16 to 20 cm. of 
water failed to stimulate aldosterone secretion, 
but, later in the experiment, further constriction 
of the vena cava with an additional increment in 
venous pressure of 4 to 6 cm. of water was ac- 
companied by a progressive elevation in aldo- 
sterone secretion from 0.05 to 0.16 pg. per minute. 
When the rise in venous pressure after abdominal 
caval constriction was not sustained at a high 
level, aldosterone secretion remained unchanged 
or decreased (see Figure 4). These findings are 
in contrast to the results observed following 
thoracic caval constriction in which aldosterone 
output was consistently elevated with a rise in 
venous pressure of less than 13 cm. water. The 
changes in corticosterone and Porter-Silber re- 
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Fic. 2. RESPONSE OF ALDOSTERONE SECRETION TO ACUTE 
TuHoracic INFERIOR VENA CAVA CONSTRICTION 


See Figure 1 for description of symbols. 
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See Figure 1 for description of symbols. 


acting steroid secretion were slight and variable, 
except in Dog 7 in which a definite elevation in 
both corticosterone and Porter-Silber reacting 
steroid output accompanied increased aldosterone 
secretion. 

Increased secretion of aldosterone following 
abdominal caval constriction was apparently not 
related to a fall in arterial pressure. An eleva- 
tion in aldosterone output occurred in the pres- 
ence of an unchanged arterial pressure during the 
last three periods (Dog 6) and during the first 
three postconstriction periods in Dog 7 (Figure 
3). In Dogs 5 (Figure 4) and 8, in which aldo- 
sterone output failed to increase, arterial pres- 
sure remained unchanged or decreased slightly. 

Plasma volume decreased 25, 18 and 44 per 
cent in Dogs 5, 6 and 7, respectively, but was 
unchanged in Dog 8. The concentrations of 
plasma sodium and potassium and total plasma 
osmolality were not detectably altered. 








Experiment III. The effects of thoracic caval 
constriction during infusion of dextran (Dogs 
9 through 11) 


Following constriction of the thoracic inferior 
vena cava, dextran was given intravenously at a 
rate estimated by calculation from Experiment I 
to maintain or to increase plasma volume. In 
all three dogs, the increase in aldosterone secre- 
tion was similar to that observed in Experiment 
I (see Figure 5). This occurred in spite of in- 
crements in plasma volume of 44, 80 and 330 
per cent. The changes in cardiovascular function 
were similar in magnitude to those observed in 
Experiment I; arterial pressure remained un- 
changed or fell while venous pressure increased. 
Adrenal blood flow fell progressively throughout 
the experiment (Dog 9, Figure 5) or fell during 
the first two hours with a return toward or to the 
control levels during the last one to two hours of 
the experiment in the other two animals. No 
consistent alterations in plasma sodium, potas- 
sium or total osmolality were detected. 
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DISCUSSION 


The present experiments demonstrate that acute 
constriction of the inferior vena cava resulted in 
increased aldosterone secretion. The response 
was consistent following thoracic caval constric- 
tion whereas aldosterone secretion increased in 
only two of the four dogs with abdominal inferior 
vena cava constriction. In these two animals the 
elevated venous pressure was sustained at a 
higher level than in the two dogs not showing a 
response. The two animals in which aldosterone 
secretion was unchanged or declined provide 
control data for the dogs with thoracic inferior 
vena cava constriction; the results indicate that 
other factors such as trauma and changes in 
anesthesia failed to result in increased aldosterone 
secretion. Failure of aldosterone secretion to de- 
crease after release of the thoracic caval ligature 
is probably a reflection of the short recovery 
period, and consequently of inadequate time for 
aldosterone output to return to the control level. 

In has been shown previously (9) that chronic 
constriction of the abdominal inferior vena cava 
does not result in increased aldosterone output 
and sodium retention whereas chronic thoracic 
caval constriction produces these alterations con- 
sistently (1, 2). This difference in response ap- 
parently is related to the greater ease of filtration 
of fluid and electrolytes from the liver and hepatic 
lymphatics of the latter preparation in compari- 
son with that from the congested area in dogs 
with abdominal caval constriction. Edema or 
ascites failed to occur after chronic abdominal 
caval constriction although a higher level of 
venous pressure was present than observed fol- 
lowing thoracic caval constriction. In the ab- 
sence of or during minimal extravascular loss of 
fluid and electrolytes, as in Dogs 5 and 8 of the 
present study, the stimulus may have been in- 
adequate to effect an elevation in aldosterone 
production. 

Increased aldosterone secretion has been re- 
ported previously (1) for dogs with chronic 
heart failure or with chronic ascites secondary to 
thoracic caval constriction. In recent unpub- 
lished studies with the present radioisotope tech- 
nique for measuring aldosterone, a markedly ele- 
vated rate of aldosterone secretion in adrenal 
vein plasma (mean value of 0.142 pg. per minute ; 
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N equals 8) was observed in dogs with chronic 
ascites produced by thoracic caval constriction. 
Increased secretion of aldosterone has also been 
reported in nephrotic rats with edema or ascites 
by Singer (16). Histochemical studies of the 
adrenal cortex from dogs with experimental as- 
cites by Hamilton, Brown and Hague (11) and 
from dogs with experimental congestive failure 
by Deane and Barger (12) have provided addi- 
tional data indicative of increased adrenal cortical 
activity in the zona glomerulosa. There is, there- 
fore, considerable evidence for increased secretion 
of aldosterone in experimental states with edema 
or ascites and, consequently, a satisfactory ex- 
planation for the source of the excess circulating 
hormone which is excreted in urine (2). Never- 
theless, evidence to the contrary has been reported 
by Driscol, Maultsby, Farrell and Berne (13). 
These workers were unable to detect either in- 
creased secretion or increased urinary excretion 
of aldosterone in dogs with apparent experimental 
heart failure produced by controlled progressive 
pulmonic stenosis. 

The rapidity of the response in adrenal vein 
aldosterone output to caval constriction in the 
present study and to hemorrhage [Farrell, Ros- 
nagle and Rauschkolb (14)] provides evidence 
that alterations in aldosterone secretion may con- 
stitute an important acute homeostatic mecha- 
nism. This possibility has been clearly recognized 
by many investigators. Epstein (15) has re- 
cently suggested “the direct adrenal participation 
in a number of acute renal readjustments, such 
as the antinatriuresis of quiet standing, of limb 
congestion, or of hemorrhage.” The dog with 
acute abdominal caval constriction provides an 
experimental situation comparable to that of quiet 
standing and of limb congestion in man. Also, 
the increments in venous pressure observed in 
the present study were similar to those of Farber, 
Becker and Eichna (16) following acute caval 
obstruction in man. These workers were unable 
to explain the drop in sodium and water excretion 
on the basis of renal hemodynamic changes alone 
and they too suggested a hormonal mechanism. 

Some question has been raised (12, 13) as to 
the importance of aldosterone in the pathogenesis 
of edema and ascites. It was suggested that in- 
creased aldosterone production might occur late in 
the course of edema or ascites formation and, 
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therefore, contribute only as a secondary mecha- 
nism. The present data demonstrate the acuteness 
of the response of the adrenal cortex in the secre- 
tion of increased amounts of aldosterone following 
an alteration in cardiovascular function. In- 
creased aldosterone secretion occurred within 
30 minutes following caval constriction. Also, in- 
creased excretion of aldosterone in urine has been 
demonstrated during the first four days following 
either caval constriction or pulmonic stenosis (17). 

The role of aldosterone in the formation of as- 
cites does not appear to be a “permissive” one. 
In adrenalectomized dogs with caval constriction 
(18), only 0.5 mg. per day of desoxycorticosterone 
acetate (DCA) was necessary to maintain the 
animals in sodium balance but 6 to 10 times this 
amount of DCA was required to effect the degree 
of sodium retention observed in the presence of 
the adrenals and endogenous aldosterone. Simi- 
larly, it was demonstrated that the degree of so- 
dium retention in dogs with cardiac failure was 
related to the amount of DCA given (19). It 
should be emphasized that the effects of desoxy- 
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corticosterone and aldosterone on electrolyte ex- 
cretion by the kidney are qualitatively identical 
[Liddle, Cornfield, Casper and Bartter (20)]. 
In addition, observations on urinary aldosterone 
and sodium excretion in both dog (2) and man by 
Luetscher and Johnson (21) have demonstrated 
that an inverse relation between these functions is 
very frequently present. 

Failure of large amounts of DCA to produce 
chronic sodium retention in both normal (22) and 
simple adrenalectomized animals (23) may be 
explained by the necessity of factors other than 
an excess of circulating sodium-retaining hormone 
for chronic sodium retention. The importance of 
a cardiovascular factor which acts in association 
with aldosterone to promote chronic sodium re- 
tention has been emphasized (1, 2, 24). In dogs 
with thoracic caval constriction (25) or with ex- 
perimental heart failure of either the low output 
(26) or high output (24) type, this factor appears 
to be elevated venous pressure. 

Three lines of evidence support the view that 
venous hypertension initiates the sequence of events 
leading to chronic sodium retention in dogs with 
experimental ascites. First, in dogs with chronic 
thoracic caval constriction and ascites, venous hy- 
pertension below the constriction was usually the 
only detectable cardiovascular alteration (25). 
In the majority of these animals, arterial pres- 
sure and cardiac output were normal. Second, 
in dogs with right heart failure secondary to pul- 
monic stenosis and in dogs with thoracic caval 
constriction, ascites formed during the first one 
to four days following the onset of cardiac failure 
or after caval constriction in the absence of so- 
dium intake (17). 
gested, a positive sodium balance could not occur ; 


Since sodium was not in- 


ascitic fluid was formed by a shift of electrolytes 
and water from other body fluids. Therefore, in 
the dogs with pulmonic stenosis, a full-blown 
clinical picture of frank congestive heart failure 


with ascites developed in the absence of a renal 
factor with its resultant positive sodium balance. 
Third, an analysis of the functional changes dur- 
ing high output failure secondary to anemia in 
dogs with pulmonic stenosis (24) showed that an 
elevation in right atrial pressure was closely as- 
sociated with sodium retention; cardiac output, 
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glomerular filtration rate and renal plasma flow 
were elevated in the majority of instances. 

It has been repeatedly suggested that the stim- 
ulus to increased aldosterone production arises as 
a result of some unknown factor or factors as- 
sociated with loss of fluid and electrolytes from 
the blood stream. Johnson and Conn (27) have 
referred to the effect of venous pressure as creat- 
ing a “leak” of salt and water from the circulation 
with a resultant abnormal redistribution of ex- 
tracellular fluid. It was reasoned (28) that if the 
stimulus to increased aldosterone secretion is re- 
lated to loss of fluid and electrolytes from the vas- 
cular bed, prevention or inhibition of this loss 
should result in decreased aldosterone output and 
a natriuresis. To inhibit transudation of fluid, a 
plaster body cast was applied to dogs with thoracic 
caval constriction and ascites (28); aldosterone 
output dropped and sodium excretion increased. 
The data suggest a close association between in- 
creased aldosterone secretion and factors associ- 
ated with fluid and electrolyte loss from the vas- 
cular bed. 

The precise changes which ‘accompany the acute 
loss of fluid and electrolytes from the blood stream 
and stimulate aldosterone production remain ob- 
scure. The mechanism does not seem to be ef- 
fected by increased secretion of adrenocortico- 
tropic hormone (ACTH) since corticosterone out- 
put was decreased following acute thoracic caval 
constriction. The present data do not suggest 
that under these conditions the increased aldo- 
sterone secretion is the result of a decreased vascu- 
lar volume, proposed by Bartter (29) as the 
normal stimulus for aldosterone secretion. In- 
travenous administration of dextran at a rate 
sufficient to maintain or to increase plasma vol- 
ume markedly failed to prevent the rise in aldo- 
sterone secretion following thoracic caval con- 
striction. Also, Farrell and associates (14) 
observed an increase in aldosterone secretion fol- 
lowing hemorrhage in spite of an elevated plasma 
volume secondary to infused dextran. Thus, ob- 
servations on the relation of aldosterone secre- 
tion to vascular volume in acute animal experi- 
ments agree with the frequent finding of a normal 
or high blood volume in patients with cardiac de- 
compensation (30, 31) and during decompensated 
hepatic cirrhosis (32). 
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SUMMARY 


The effects of acute constriction of the thoracic 
inferior vena cava (seven dogs) and of the ab- 
dominal inferior vena cava above the adrenals 
(four dogs) on aldosterone, corticosterone and 
Porter-Silber steroid secretion in adrenal vein 
plasma were studied. Three of the dogs with 
thoracic caval constriction received dextran intra- 
venously to maintain or to increase plasma vol- 
ume. After three control determinations 30 min- 
utes apart, six to eight measurements were made 
at similar intervals during the experimental 
period. Following thoracic caval constriction 
alone, aldosterone secretion increased within 30 
minutes and reached levels two- to fourfold greater 
than the average control rates of 0.008 to 0.024 yg. 
per minute; corticosterone and Porter-Silber 
steroid output remained unchanged or decreased. 
Plasma volume was reduced. However, similar 
increases in aldosterone secretion occurred despite 
increased vascular volume secondary to infused 
dextran in three other animals with thoracic 
caval constriction. Two of four dogs with ab- 
dominal caval constriction showed increased aldo- 
sterone secretion ; this occurred only after marked 
caval constriction and large sustained increments 
in venous pressure. The data demonstrate in- 
creased aldosterone secretion following acute con- 
striction of the inferior vena cava above or below 
the hepatic veins and irrespective of changes in 
vascular volume. 
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Secretory failure of the adrenal glands has 
continued to be implicated as a factor in the patho- 
genesis of peripheral circulatory collapse due to 
infection since the original reports of Water- 
house (1) and of Friderichsen (2). This as- 
sociation of adrenal function and circulatory fail- 
ure has been cited in recent reviews (3-5). How- 
ever, a deficit of adrenal secretory products or 
their urinary metabolites in peripheral collapse 
due to infection has not been reported. Investiga- 
tions in our laboratory have shown that shock 
produced in dogs by endotoxins of gram-nega- 
tive bacteria was accompanied by an elevation of 
the concentration of cortisol in the plasma, and 
the output of cortisol in adrenal venous blood 
rose abruptly immediately after the injection of 
endotoxin (6). 

This report is concerned with the assessment of 
adrenal cortical function in human patients having 
peripheral circulatory failure due to severe in- 
fections. Studies with a 21-hemisuccinate ester 
of cortisol, which is rapidly hydrolyzed to free 
cortisol in vivo, were undertaken in order to de- 
lineate the metabolism of cortisol, the principal 
adrenal secretory product in man (7). 


METHODS 


The subjects in this study included 9 healthy adults and 
22 patients with severe infections complicated by circu- 
latory collapse. Fifteen of these patients had demonstra- 
ble bacteremia at the time the studies were carried out. 
All of the patients were hypotensive with systolic blood 
pressures under 90 mm. of Hg. A summary of the clini- 
cal data on these patients is recorded in Table I. 

Blood samples for the determination of cortisol con- 
centrations in the plasma were analyzed by a modification 
of the method of Silber and Porter (8) as described by 
Peterson, Karrer and Guerra (9). This method is spe- 
cific for steroids with the 17,21-dihydroxy-20-keto con- 
figuration including cortisol, cortisone, Compound S and 
their dihydro- and tetrahydro- derivatives. Of these, only 
cortisol exists in the plasma in significant concentrations ; 
therefore, the method may be regarded as highly specific 
for cortisol. 


Adrenal stimulation was carried out in eight normal 
subjects and in six patients with shock due to infection 
by an intravenous infusion of 25 U.S.P. units of corti- 
cotropin (Upjohn, Sterile Corticotropin Injection) dis- 
solved in 500 ml. of 5 per cent dextrose in water, which 
was given over a period of four hours. Specimens of 15 
ml. of heparinized blood were secured initially and at the 
conclusion of the infusion of corticotropin. The erythro- 
cytes were separated from the plasma within 30 minutes. 
The samples were frozen and plasma cortisol levels 
were determined within 72 hours. 

In order to determine the rate of disappearance of 
exogenous cortisol, an intravenous injection of 100 mg. of 
cortisol sodium succinate dissolved in 2 ml. of distilled 
water (Upjohn, Hydrocortisone Sodium Succinate) was 
given to each of 9 normal subjects and to 20 patients with 
shock. Samples of blood were obtained immediately pre- 
ceding the injection of cortisol sodizm succinate and at 
30, 90, 150, 210 and 270 minutes thereafter in the patients 
with shock. The blood specimens were treated as above. 
The sodium succinate ester of cortisol was employed be- 
cause it is highly soluble and because it can be adminis- 
tered in a small volume of aqueous diluent in a few sec- 
onds. Hydrolysis of the ester is rapid and complete 
within 15 minutes after injection. The ester is not ex- 
tracted from plasma by methylene chloride which is 
employed as the solvent in the determination of plasma 
cortisol (10). The rate of removal of cortisol from the 
plasma of pregnant women was determined after the 
rapid infusion of cortisol sodium succinate by Christy, 
Gordon, Longson, Wallace and Jailer (11). The dis- 
posal of this cortisol ester did not significantly differ 
from cortisol removal rates following infusions of corti- 
sol free alcohol. Madsen, Done, Ely and Kelley (12) 
found no significant differences in the plasma half-time 
of cortisol whether administered as the free alcohol or 
the 21-hemisuccinate ester. 

In patients with shock these procedures were carried 
out within a few hours after the recognition of peripheral 
circulatory failure. 


RESULTS 


A, Relationship of the clinical status to the out- 
come 


The data recorded in Table I reveal that demon- 
strable bacteremia was associated with shock in 
70 per cent of the cases, Gram-negative bacteria 
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Clinical data on 22 patients with peripheral circulatory failure due to infection 














Duration 
Source of Blood of hypo- Temp. Skin 
Diagnosis Bacteriology bacteria pressure tension in F. appearance Outcome 
Lobar pneumonia D. pneumo- Sputum 80/55 24hrs. 105.0 Warm, Recovered 
coccus suffused 
Diabetes, urinary E. coli Blood 60/30 24hrs. 103.0 Warm, Recovered 
tract infection Urine suffused 
3 Prostatic hypertrophy, £. coli Blood 84/50 16hrs. 104.4 Warm, Recovered 
64 M — cystoscopy Urine suffused 
a Postoperative E. coli Urine 50/30 24hrs. 105.0 Warm, Recovered 
54 F ovarian cystectomy suffused 
5 Urethral stricture, Proteus Blood 72/50 12hrs. 103.2 Warm, Recovered 
60 M __ cystoscopy Urine sufiused 
6 Pseudomembranous Staph. Feces 64/36 36hrs. 104.0 Cold, moist Recovered 
38 M _ enteritis Blood 
7 Miliary tuberculosis M. tuberculosis Sputum 74/44 24hrs. 104.0 Warm, Recovered 
52 M suffused 
8 TUR, metastases from  E. coli Blood 80/50 24hrs. 102.2 Warm, Recovered 
79 M _ cancer of renal pelvis Urine suffused 
9 Osteomyelitis, Staph. Blood 86/56 2wks. 104.0 Cold, moist Died 
58 F pyelonephritis Wound 
10 Chronic lymphatic Staph. Blood 50/0 48 hrs. 101.0 Cold, moist Died 
72 F leukemia, peritonitis, Peri- 
cirrhosis toneal 
fluid 
11 Peritoneal abscess, E. coli Blood 50/30 48hrs. 102.0 Cold, moist Died 
60 F metastatic adeno- 
carcinoma of colon 
12 Massive pneumonia, Staph. Blood 75/50 6hrs. 102.4 Cold, moist Died 
84 M__ renal abscess Sputum 
13 Cancer of prostate, Staph. Sputum 40/0 18hrs. 104.0 Cold, moist Died 
73 M _— pneumonia Urine 
14 Perforated ulcer Proteus Peri- 8 hrs. 97.0 Cold, Died 
48 F with peritonitis E. coli toneal cyanotic 
fluid 
15 Postoperative bowel Staph. Blood 70/40 10hrs. 100.0 Cold, Died 
85 F obstruction, staph. Urine cyanotic 
septicemia with 
metastatic abscesses 
16 Pyelonephritis, Pseudomonas __ Blood 60/40 6days 104.0 Cold, moist Died 
62 M __ cholangitis, E. coli 
purpura, hepatic 
abscesses 
17 Suppurative Pseudomonas __ Blood 55/0 6days 103.0 Cold, moist Died 
53 M _ peritonitis, Peri- 
postoperative toneal 
gastrectomy fluid 
18 Pulmonary emboli E. coli Urine 80/50 10days 101.0 Warm, dry Died 
62 F Strep. viridans _ Blood 
19 Total gastrectomy for Proteus Sub- 80/0 10days 103.0 Cold, Died 
67 M cancer of stomach, Staph. phrenic cyanotic 
post-gastrectomy Pseudomonas _ abscess 
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TABLE I—Continued 








ei 

No. Source of Blood py og Temp. Skin 
Age Sex Diagnosis Bacteriology bacteria pressure tension in F. appearance Outcome 

20 Postoperative E. coli Blood 66/30 24hrs. 102.0 Cold, moist Died 
72M _ cholecystectomy, 

diabetes mellitus 

21 Urethral stricture E. coli Urine 78/50 24hrs. 101.0 Warm, Recovered 
86 M Blood suffused 

22 Postoperative Pseudomonas Urine 80/54. 24hrs. 103.0 Warm, Recovered 
75 M — cancer of stomach aeruginosa Sputum suffused 





were most frequently isolated. The severity of 
the underlying infectious process is emphasized 
by the fact that staphylococci were isolated from 
the blood in 50 per cent of those who died. Nine 
autopsies were performed in the series and no 
adrenal pathological change could be demon- 
strated, except in one patient, who had a hema- 
toma of a single adrenal. A characteristic dif- 
ference in the appearance of those who died from 
those who recovered was recorded frequently 
enough to note. The patients who succumbed 
displayed more often an ashen gray, cold, moist 
skin with mottling and cyanosis such as is en- 
countered in severe hemorrhagic shock. The 
survivors had suffused, warm skin and a full pulse 
in the presence of hypotension. The dichotomy 
in the clinical picture of shock has been re- 
ported by Waisbren (13) and by Hall and 
Gold (14). The two groups differed significantly 
in the period of time they remained hypotensive. 
Whereas the patients who recovered were hypo- 


tensive for an average of 23 hours, the patients 
who succumbed were hypotensive for an average 
of six to seven days. Pressor substances were 
used to maintain blood pressure during the hy- 
potensive period and all patients were considered 
to be hypotensive until they no longer required 
pressor substances for the maintenance of blood 
pressure. 


B. Concentration of cortisol in the plasma 


The results of this study are given in Table II. 
In the healthy subjects the concentrations of 
plasma cortisol averaged 13 yg. per 100 ml., with 
a range of from 7 to 22 wg. per 100 ml. In this 
control group, all samples were obtained at 8:00 
a.m. The mean plasma cortisol concentrations of 
patients with shock due to infection was 63 yg. 
per 100 ml., ranging from 30 to 160 yg. per 100 
ml. The mean plasma cortisol concentration 
for the patients in shock was initially higher than 


TABLE It 
Concentration of cortisol in the plasma 








Patients with shock due to infection 

















Normal subjects Survivors Fatalities 
No. Age Sex yg./100 ml. No. Age Sex yug./100 ml. No. Age Sex yg./100 ml. 
1 24 M 11 1 28 M 47 9 58 F 30 
2 23 M 12 2 70 F 40 10 72 F 82 
3 23 M 9 3 64 M 49 11 60 F 69 
4 19 F 22 4 54 F 53 12 84 M 120 
5 37 F 10 5 60 M 41 13 73 M 61 
6 22 M 16 6 38 M 43 14 48 F 160 
7 23 M 7 7 52 M 40 15 85 F 72 
8 31 M 17 8 79 M 78 16 62 M 45 
9 42 M 11 17 53 M 68 
18 62 F 36 
19 67 M 54 
20 72 M 74 
Mean = 13 + 4* Mean = 50+ 12 Mean = 73 + 34 
Range = 7-22 Range = 40-78 Range = 30-160 





* Standard deviation. 
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the mean plasma cortisol concentration in normals 
after a four hour infusion of corticotropin. In 
only one patient with shock was the plasma 
cortisol level within the normal range as ob- 
tained in this laboratory. The highest concentra- 
tions were found in the moribund patients. 


C. Effect of an intravenous infusion of cortico- 
tropin on plasma cortisol concentrations 


The results for normal subjects and for pa- 
tients are summarized in Tables III and IV. 
Four hour intravenous corticotropin tests were 
performed in eight normal individuals. The 
mean control value for cortisol was 15 yg. per 100 
ml. of plasma, with a range of 5 to 24 pg. per 
cent. Following the infusion of corticotropin, the 
concentrations rose to a range of 32 to 63 yg. per 
cent with a mean of 46 pg. per cent. Rarely 
have values exceeded 65 pg. per cent in normal 
subjects after corticotropin. Four hour cortico- 
tropin tests were carried out in six patients with 
shock. The initial plasma cortisol levels averaged 
53 wg. per 100 ml. and ranged from 36 to 76 
pg. per 100 ml. After a four hour infusion of 
corticotropin the cortisol levels rose to an aver- 
age level of 100 wg. per 100 ml. of plasma, with 
a range of 81 to 119 yg. per 100 ml. Three of 
the patients given corticotropin, all of whom died 
(Nos. 18, 19 and 20), had average postcortico- 
tropin infusion levels of 112 yg. per 100 ml. of 
plasma, whereas the mean value in three patients 
who recovered was 88 pg. per 100 ml. Sand- 


TABLE III 


Effect of corticotropin (25 U.S.P. units intravenously over a 
four hour period) on plasma cortisol concen- 
trations in normal subjects 








Plasma cortisol (ug./100 ml.) 








Before After 

Subject cortico- cortico- 

no. Age Sex tropin tropin 
1 54 M 16 52 
2 37 M 5 32 
3 45 M 19 40 
4 72 M 15 63 
5 a1 F 10 33 
6 52 F 24 44 
7 21 =F 14 $1 
8 36 F 21 52 


Mean = 15 + 6* 
Range = 5-24 


Mean = 46 + 10 
Range = 32-63 





* Standard deviation. 
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TABLE IV 


Effect of corticotropin (25 U.S.P. units intravenously over a 
four hour period) on plasma cortisol concentrations 
in patients with shock due to infection 








Plasma cortisol (ug./100 ml.) 








Before After 

Patient cortico- cortico- 
no. Age Sex Outcome tropin tropin 
18 62 F Died 36 119 
20 72 M Died 76 104 
19 67 M Died 51 114 
3 64 M_ Recovered 57 81 
21 86 M_ Recovered 45 96 
22 75 M_ Recovered 57 86 

Mean =53 Mean = 100 


Range = 36- Range= 81- 
76 119 





berg, Eik-Nes, Migeon and Samuels (15) have 
reported similar values in agonal patients. In 
their study the injection of cortisol-4-C'* into 
dying patients resulted in a reduced urinary ex- 
cretion of radioactive metabolites when compared 
with the normal. They concluded that the high 
levels of plasma cortisol that they obtained were 
due to impaired metabolism in the presence of 
normally functioning adrenals. Urinary 17-hy- 
droxycorticosteroid determinations were not made 
in the patients reported in this study because 
nearly all of the patients were oliguric and some 
rapidly developed azotemia. Under usual circum- 
stances the excretion of urinary 17-hydroxycorti- 
costeroids is a valuable index of cortisol produc- 
tion. But in shock, where there exists a reduc- 
tion in urinary output coupled with retention of 
conjugated cortisol metabolites in the plasma, 
the results would be unreliable (16). 


D. The rate of disappearance of infused cortisol 
sodium succinate from the plasma 


Levels of plasma cortisol following the rapid 
infusion of 100 mg. of cortisol sodium succinate 
are shown in Figure 1. It is to be recalled that 
the mean initial plasma concentrations of cortisol 
in the patients who recovered and in those who 
died were significantly elevated compared to the 
values found in the normal subjects. However, 
in the patients who died, the initial levels were 
higher than those in the patients who survived. 
Levels of cortisol in the plasma after the infusion 
of cortisol sodium succinate are plotted on semi- 
logarithmic paper at various time intervals. The 











ra 
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initial preinfusion or endogenous values are not 
subtracted from the subsequent postinfusion 
levels. it should be noted that in the patients 
who survived most of the postinfusion plasma 
cortisol concentrations were less than the initial 
concentration of endogenous cortisol. Scheuer 
and Bondy (17) demonstrated in healthy sub- 
jects that plasma cortisol concentrations were 
lower than endogenous preinjection concentra- 
tions at five to seven hours after the injection of 
100 mg. of cortisol-free alcohol. It cannot be 
assumed that the basal plasma levels of cortisol 
remain constant after an infusion of cortisol in 
the “stressed” subject in the light of consider- 
able experimental evidence. Sydnor (18) has 
shown that the intravenous administration of 
cortisol to bilaterally adrenalectomized “stressed” 
rats effectively inhibits corticotropin secretion. 
Brodish and Long (19) in similar experiments 
found that complete inhibition of corticotropin 
release is accomplished within 5 to 20 minutes fol- 
lowing the infusion of cortisol. Richards and 
Pruitt (20), using permanent adrenal vein can- 
nulas in dogs, suppressed maximal adrenal secre- 
tory acivity after the induction of respiratory aci- 
dosis and operative trauma by infusions of corti- 
sol. Thus, it would seem unjustified to subtract 
initial plasma cortisol values from postinfusion 
values in patients with shock. 

In Table V, the individual plasma _ biological 


TABLE V 


Biological half-time of plasma cortisol after the intravenous 
injection of 100 mg. of cortisol as the 
21-hemisuccinate 








Patients with shock due to infection 











Healthy adults Survivors Fatalities 
Subjec Te Patient Ts Patient Ts 
no. (min.) no. (min.) no. (min.) 
1 110.0 1 106.2 9 169.1 
2 102.1 2 79.5 10 332.3 
3 78.9 3 85.9 11 566.1 
+t 65.7 4 87.1 12 661.5 
5 112.5 5 105.8 13 300.0 
6 131.2 6 80.6 14 592.1 
7 70.0 if 95.4 15 360.8 
8 142.8 8 120.0 16 578.8 
17 1,020.3 
18 444.3 
19 420.0 
20 173.0 
Mean = 101.6 Mean = 95.1 Mean = 468.2 
Range = 65.7- Range = 79.5- Range = 169.1- 
142.8 120.0 1,020.3 
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Fic. 1. Rate oF DISAPPEARANCE OF CortTisot (IN- 
JECTED AS THE 21-HEMISUCCINATE) FROM PLASMA OF 
PATIENTS WITH SHOCK DUE TO INFECTION 
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half-times for cortisol were compared in healthy 
subjects, in patients who survived and in patients 
who died from shock due to severe infection. 
The mean biological half-time of cortisol in the 
normal subjects was found to be 101.6 minutes. 
In patients who recovered, this value was 95.1 
minutes and in those who died, 468.2 minutes. 
The biological half-time of cortisol in the plasma 
is determined to a large extent by the functional 
integrity of the liver (16). Liver function tests 
were performed in six of the moribund patients. 
These were abnormal in all six patients tested. 
Liver function was assessed in four of the pa- 
tients who survived and was found to be normal 
in all four patients. The half-time values of 
plasma cortisol in the healthy subjects and in 
the patients who survived are not significantly 
different. 


DISCUSSION 


The most significant feature in this study is that 
patients with shock due to an infection did not 
exhibit evidence of adrenal insufficiency. High 
concentrations of cortisol were present in the 
plasma in all patients studied. Furthermore, even 
in agonal patients there was a continued response 
of the adrenals to stimulation with corticotropin. 
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The high levels of cortisol in the plasma of 
the patients who recovered would appear to be 
solely due to an acceleration of the rate of produc- 
tion of endogenous cortisol because the admin- 
istered cortisol disappeared from the plasma at a 
normal rate. On the other hand, the greater con- 
centration of cortisol in the plasma of moribund 
patients may be accounted for, in part, by factors 
retarding the removal of cortisol from the blood 
and by increased cortisol production. The rela- 
tive contribution of adrenal secretory activity to 
the high blood levels of cortisol could not be de- 
termined in the presence of impeded removal of 
injected cortisol from the plasma in the moribund 
patients. However, documented clinical and ex- 
perimental evidence indicates that adrenal secre- 
tion of cortisol may be supranormal under similar 
conditions, in that the blood cortisol and urinary 
17-hydroxycorticosteroid excretion were markedly 
elevated in patients dying of severe burns (21). 
Dogs subjected to hemorrhagic shock demon- 
strated a maximal secretion of cortisol (22). The 
shock induced in dogs by lethal injections of 
bacterial endotoxin is associated with high blood 
levels of cortisol and maximal secretion of corti- 
sol in the adrenal venous effluent (23). 

Factors influencing the slope of the plasma 
cortisol removal curves have been reviewed by 
Samuels, Brown, Eik-Nes, Tyler and Dominguez 
(16). If the curves plotted in Figure 1 are ex- 
trapolated to zero time it will be seen that the 
values obtained for the survivors and fatalities are 
not significantly different. Samuels and co- 
workers (16) refer to this value as the “apparent 
distribution volume” of cortisol. Thus, it appears 
unlikely that changes in the volume distribution 
of cortisol account for the difference observed. 
Impairment of hepatocellular function, hepatic 
blood flow, renal function and thyroid function 
all operate to reduce the rate of metabolic disposal 
of cortisol. All patients studied who were mori- 
bund were either markedly oliguric or anuric. 
The patients who survived demonstrated less 
significant abnormalities of renal function, 1.e., 
mild azotemia and transient oliguria. 

Among the patients who died of bacterial 
shock, significant abnormalities of liver function 
were demonstrated. In none of the survivors 


studied was hepatic function significantly dis- 
In human patients major surgical pro- 


turbed. 
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cedures (24), agonal states (15), certain acute 
infectious diseases in childhood (25), myxedema 
(26) and liver disease (27) have been associated 
with reduced plasma cortisol removal ates. 
Tourniquet shock (28) retards the turnover of 
cortisol-4-C** in the rat. In the dog lethal doses 
of endotoxin induce shock and slow the removal 
of injected cortisol from the plasma (23). 

Eik-Nes and Samuels (29) have roughly cor- 
related the severity of “stress” with the degree 
of impairment of cortisol removal from the plasma 
of the dog—the more severe or lethal the “stress,” 
the greater the reduction of the rate of removal of 
cortisol from the plasma. Our own studies con- 
firm this view (30). It should be pointed out 
that small doses of bacterial polysaccharide (0.1 
to 2.0 wg.) injected into the dog accelerate the 
removal of exogenous cortisol from the plasma, 
whereas larger doses have the opposite effect. 
These observations supplement the results of 
McDonald, Weise and Peterson (31) who in- 
jected a bacterial pyrogen (Piromen®) into hu- 
mans and noted a rise in plasma cortisol and an 
acceleration of the removal of exogenous cortisol 
from the plasma. 

Although several factors probably influence the 
removal rate of exogenous cortisol from the 
plasma, it is conceivable that one of the most 
important independent variables in this study 
was the size of the bacterial inoculum and the 
amount of endotoxin made available. 

Peterson, Pierce, Wyngaarden, Bunim and 
Brodie (32) have been unable to correlate the 
rate of disposal of cortisol or its analogs with 
its biological activity. Neither does cortisol ex- 
ert its biological effects as a by-product of its 
catabolism. Any speculation as to rate of “utili- 
zation” of cortisol is not relevant. The term 
“relative adrenal insufficiency” in vascular collapse 
due to infection is misleading because the con- 
centration of biologically active cortisol in the 
plasma is supraphysiologic. Daughaday (33) 
has demonstrated two protein binding systems 
for cortisol in the plasma. The first, a globulin, 
is saturated at plasma levels of between 15 and 
30 pg. per 100 ml. The second, albumin, binds 
cortisol more loosely and can accomodate high 
plasma concentrations of cortisol. This system 
is easily reversible and readily allows dissociation 
of cortisol so that it may traverse the capillary 
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membranes and become directly available to the 
tissues. Thus, it is likely that when the globulin 
system is exceeded the excess of plasma cortisol 
is freely diffusible. In the present study it would 
appear that under normal conditions adequate 
amounts of diffusible cortisol were available to 
the tissues in all of the patients studied. But 
under the unphysiologic conditions of shock these 
hormonal concentrations are insufficient. Obser- 
vations on patients in shock and investigations in 
animals with endotoxin shock make it apparent 
that the necessary amount of exogenous cortisol 
or its synthetic analogs far exceeds that which 
can be produced by maximal endogenous secre- 
tory activity (5). 

The importance of the relationship between the 
plasma concentration of readily diffusible corti- 
sol and the degree of tissue injury has been demon- 
strated experimentally. These studies will be 
reported in detail elsewhere (34), but the es- 
sential data can be cited here. After dogs had 
been injected intravenously with endotoxin pre- 
pared from E. coli, there was a prompt rise in 
the plasma concentration of cortisol, and a rise 
in the level of serum glutamic oxaloacetic trans- 
aminase. It is generally assumed that elevations 
in serum transaminase are associated with cellular 
injury. It was apparent that maximal endogen- 
ous secretion of cortisol did not prevent the rise 
in transaminase levels. However, when large 
doses of cortisol were administered to the dogs 
along with the endotoxin there was only a small 
rise in the levels of transaminase. These observa- 
tions suggest that the level of cortisol concentra- 
tions found within the physiological range are 
inadequate for protection against tissue injury. 
These observations support the concept that if 
cortisol is to be used as a therapeutic agent in 
fulminant sepsis with vascular collapse, its action 
and therefore its dose should be pharmacologic. 
In this context it does not represent “replace- 
ment” therapy. 


SUMMARY 


1, Adrenal function was studied in 17 healthy 
adults and in 22 adult patients having shock due 
to infection. Three quantitative studies were 
employed. First, the basal plasma cortisol level 
was determined. Second, the response of the 
adrenal to stimulation with corticotropin was 


measured in terms of change in plasma cortisol 
concentration. Third, the biological half-time of 
exogenous cortisol injected as the succinate ester 
in plasma was evaluated. 

2. All of the patients with shock had consider- 
ably higher basal concentrations of cortisol in the 
plasma than did the healthy subjects. In six pa- 
tients with shock who were studied there was a 
response to corticotropin similar to that obtained 
in the healthy adults. The biological half-time 
of exogenous cortisol was not different from 
healthy subjects in those patients with shock who 
survived, but in those patients having fatal shock 
the biological half-time was considerably more 
prolonged than that observed in healthy subjects. 
The significance of these differences is discussed. 

3. Accelerated adrenal secretory activity was 
demonstrated in those patients who survived. In 
moribund patients unequivocal proof for increased 
adrenal secretory activity could not be obtained. 
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The inability to excrete an oral or parenteral 
load of water in a normal manner is a characteristic 
of the adrenalectomized or hypophysectomized ani- 
mal and of the patient with adrenal or pituitary in- 
sufficiency (1-9). This defect persists in the pres- 
ence of a normal salt balance, extracellular volume, 
and an adequate supply of salt-retaining hormone, 
desoxycorticosterone acetate (DCA) or aldo- 
sterone (4, 7, 8, 10, 11), but it can usually be cor- 
rected by the administration of hydrocortisone-like 
steroids (3, 4, 7,9). 

The basic mechanisms responsible for impaired 
water tolerance in these diseases have not been 
adequately clarified, nor have the processes by 
which hydrocortisone causes a normal water diu- 
resis to occur. 

Gaunt, Birnie and Eversole (8) and others (7, 
12) have suggested that a homeostatic “balance” 
exists between the antidiuretic hormone (ADH) 
of the neurohypophysis and the 11, 17 hydrox- 
ylated steroids of the adrenal cortex. They 
suggest that in the absence of these steroids, 
a relative or absolute excess of ADH exists, pre- 
venting a normal water diuresis. To prove this 
hypothesis, a sustained level of secretion of ADH 
should be demonstrated after the adrenal or an- 
terior pituitary deficient animal has been water 
loaded, a procedure which ordinarily inhibits ADH 
secretion. To date, no such sustained activity has 
been observed using a generally acceptable and 
specific assay technique (6, 13, 14). Further- 
more, the patient with adrenal or pituitary in- 
sufficiency normally inactivates and is not hy- 
persensitive to exogenous antidiuretic hormone 
(Pitressin®) (6). 
~ 4 Supported in part by a research grant from the Up- 
john Company. 
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Recent studies have stressed the importance of 
nonhormonal factors in determining the charac- 
teristics of water diuresis in normal subjects. The 
rate of glomerular filtration and solute excre- 
tion, and the distribution of the reabsorbed solutes 
between the proximal and distal tubules can pro- 
foundly alter the diuretic response to water in the 
absence of circulating ADH (15-21). Reduced 
glomerular filtration and renal blood flow are usu- 
ally present in subjects with pituitary and adrenal 
insufficiency. In the latter, and occasionally in the 
former group, tubular reabsorption of sodium is 
impaired. Welt (22) postulated that the impaired 
water diuresis of these states is related primarily 
to alterations in the nonhormonal factors rather 
than to any disturbance in the secretion, metabo- 
lism, or action of ADH. If this theory is correct, 
it should be possible, while these subjects are 
under the influence of a sustained water load, to 
improve considerably their response to water load- 
ing by techniques which increase glomerular fil- 
tration rate and alter the distribution of solute 
(sodium) reabsorption between the proximal and 
distal tubule. 

This approach formed the basis of the present 
study. Aminophyllin was used to increase glo- 
merular filtration acutely and alter the tubular 
reabsorption of solute. Its effect was compared in 
the same subject with the subsequent administra- 
tion of hydrocortisone. The results indicate that 
the marked improvement in the execretion of water 
which followed the administration of hydrocorti- 
sone cannot be completely explained by improved 
renal hemodynamics or alteration of solute reab- 
sorption. They support the view that Compound 
F-like steroids may, in the absence of ADH, 
specifically inhibit the back diffusion of water in 
the diluting segments of the nephron (loop of 
Henle and distal convoluted tubule) or prevent 
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TABLE I 
The response to aminophyllin, Mercuhydrin® and hydrocortisone in adrenal and pituitary insufficiency 











Glomerular 

Urine filtration 
Subject Urine concen- rate Cm0 x 100 Serum 

ate Period volume tration UosmV* Croft (GFR) GFR UnaV UxV osmolality 

ml.{/min. mOsm.| pOsm./ ml./min. ml./min. pEg./min. pEg./min. mOsm./ 
Kg. min. Kg. 

Anterior pituitary insufficiency 
1 Ct 1.2 432 518 — 0.65 74 — 0.95 141 42 280 
4/25/57 Am§ 7.1 250 1,832 + 0.6 114 + 0.53 696 181 283 
Cp F§ 9.8 109 1,068 + 5.5 102 + 5.4 282 51 250 
2 Cc 2.0 398 836 — 1.2 92 — 1.2 391 43 262 
11/15/56 Am 72 232 1,670 + 0.8 105 + 0.8 868 52 260 
3 3.2 319 1,021 — 0.9 71 — 15 322 91 248 
8/16/56 Am 21.0 217 4,557 + 3.2 131 + 2.7 2,010 170 256 
3 & 3.5 424 1,484 — 2.0 88 — 24 663 70 268 
10/29/56 Am 8.5 300 2,550 — 0.9 137 — 0.2 810 95 270 
Cp F 11.7 177 2,070 + 3.9 110 + 4.3 781 137 264 
4 c 7.5 107 803 + 4.6 112 + 41 140 68 280 
2/18/57 Am 12.0 145 1,740 + 5.8 164 + 3.5 486 166 280 
Cp F 8.4 110 924 + 5.0 114 +44 189 68 275 
4 & 2.3 363 860 — 0.9 82 — 1.0 316 39 270 
11/22/57 Am 8.9 260 2,340 + 0.3 106 + 0.3 968 73 271 
Cp F 7.6 116 879 + 4.3 92 + 4.7 199 64 270 
4 Cc 2.7 273 764 — 01 81 — 01 169 43-272 
12/6/57 Hg§ 11.8 273 3,208 — 0.1 82 — 0.1 1,499 22 270 
Cp F 3.8 176 674 + 1.3 82 + 1.6 170 76 =. 265 
5 & 0.4 590 236 — 0.4 93 — 0.4 48 18 291 
2/4/57 Am 4.3 337 1,463 — 0.8 140 — 0.5 425 71 287 
Cp F 8.0 66 528 + 6.1 97 + 6.2 130 68 276 
6 Cc 0.7 563 394 — 0.8 50 —14.0 55 30 267 
2/6/57 Am 4.4 330 1,452 — 1.0 76 — 1.3 583 43 268 
Cp F Bes 244 539 + 0.1 68 + 0.1 212 61 261 
7 Cc 0.4 643 270 — 0.6 53 - 11 49 25 260 
12/27/57 Hg 10.6 253 2,687 0.0 57 0.0 1,395 14 253 
Cp F » Ref 240 648 + 0.1 42 + 0.2 283 47 245 
8 Cc 1.0 355 362 — 0.3 41 — 0.7 85 28 270 
11/15/57 Am 3.4 355 1,207 — 1.2 94 — 1.1 454 60 265 
CpF 213 268 
8 Cc 1.8 642 1,156 — 2.4 73 3.4 211 83 274 
1/3/57 Hg 10.0 292 2,935 — 0.8 78 — 1.0 1,296 48 271 
Cp F 2.7 188 508 + 0.8 57 1.4 97 48 270 

Adrenal insufficiency 

9 C 4.5 159 722 + 1.8 90 + 2.0 174 49 267 
11/8/57 Hg 10.0 215 2,150 + 1.9 88 + 24 903 44 267 
Cp F 9.2 138 1,263 + 4.4 88 + 5.0 417 81 264 
10 & 1.6 581 930 — 1.8 155 — 11 206 60 277 
10/16/57 Am <4 480 2,496 — 3.9 225 — 1.7 844 78 274 
Cp F 18.6 80 1,488 +13.3 169 + 7.9 268 104 281 
11 C Fe 132 752 + 3.1 84 + 3.45 207 12 285 
3/27/57 Am 15.3 160 2,448 + 6.8 105 + 6.5 1,180 26 289 
Cp F 20.0 80 1,600 +14.4 110 +12.2 510 77 285 
12 Cc 0.8 397 317 — 0.5 76 — 0.5 16 14 253 
10/4/56 Am 5.9 159 925 + 2.3 86 + 2.7 67 101 259 
Cp F 5.8 78 462 + 4.0 76 + 4.7 41 72 255 





* Rate of solute excretion. 


Represents the mean of the two control periods prior to the administration of the drug. 


Free water clearance. 


Represents the period of maxima! change following drug administration. 
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WATER DIURESIS IN ADRENAL AND PITUITARY INSUFFICIENCY 


the reabsorption or back diffusion of water in 
the concentrating segment (? collecting tubule) 


(3, 23). 
METHODS AND PROCEDURE 


Sixteen experiments were performed on 12 male sub- 
jects: 8 patients with anterior pituitary insufficiency 
and 4 with primary adrenal insufficiency. On the morn- 
ing of the test, the subjects ate a light breakfast from 
7:00 to 7:30 a.m., and the experiment began at approxi- 
mately 8:30 am. The recumbent position was maintained 
throughout the experiment. An initial urine specimen was 
obtained for osmolality, after which an oral water load 
of 1,000 ml. was given; this positive water balance was 
maintained for the duration of the experiment by the 
infusion of 2.5 per cent glucose in water at a rate equal 
to urine flow. In a few instances, when flows exceeded 
15 to 20 ml. per minute, supplemental water was given by 
mouth. Collection periods were 20 to 30 minutes in 
duration, and urine samples were collected by spontaneous 
voiding or by indwelling catheters. When urine volume 
was below 2 ml. per minute, air “washouts” were also 
utilized. Samples of venous blood were obtained at the 
midpoint of each period through an indwelling needle. 
Control collections were begun about 45 minutes after a 
priming dose of inulin and a constant sustaining infu- 
sion had been started. After at least three control pe- 
riods of maximally sustained urinary flow had been ob- 
tained, 0.5 to 0.65 Gm. of aminophyllin (or 2 ml. of 
Mercuhydrin®) was injected over a 10 minute period 
into the infusion tubing. After a maximal effect of 
aminophyllin or the mercurial had been observed and 
urinary flows had returned toward those of the control 
periods (90 to 150 minutes), 200 mg. of hydrocortisone 
(hemisuccinate) was administered into the infusion tubing 
over a period of 30 minutes. Urinary collections were 











continued for an additional three to five hours. The 
TABLE II 
Urinary osmolality before and after water ingestion 
Subject 
no. Before After 
mOsm./Kg. mOsm./Keg. 
1 570 432 
2 453 398 
3 727 424 
3 515 319 
4 400 273 
4 420 363 
4 255 107 
5 700 590 
6 690 563 
7 780 643 
8 800 642 
8 520 355 
9 279 159 
10 680 581 
11 678 132 
12 510 397 
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experiments ranged from five and one-half to eight 
hours in duration. 

Analysis of serum and urine for sodium, potassium, 
chloride, inulin, creatinine and freezing point depression 
(osmolality: mOsm. per Kg. of H.O) were made utiliz- 
ing methods previously reported (14, 15). The charac- 
teristics of the water diuresis were evaluated in each 
case by maximal urinary flow, minimal urinary osmolality 
and the magnitude of the free water clearance, Cu.o0.* 

Since the experiments were too rigorous to permit 
control water loading studies without drug administra- 
tion on each subject, urine volumes were measured in 
three patients (two pituitary and one adrenal insufficiency) 
maintained in sustained positive water balance for five 
hours; in these three control subjects, maximal urinary 
flows were attained in the first two and one-half hours. 

Following the infusion of aminophyllin, abrupt in- 
creases in urinary flow occurred. This introduced an 
error, created by the urinary dead space, which over- 
estimated the rise in solute excretion and glomerular 
filtration rate and underestimated the fall in urinary 
osmolality. In the present experiments, however, it is 
doubtful that these errors would qualitatively alter the 
results or their interpretations. 


RESULTS 


The significant data from each study are pre- 
sented in Table I. Individual studies are de- 
scribed in greater detail when these deviate signifi- 
cantly from the general pattern. 


1. Patients with adrenal or pituitary insufficiency 


A. Response to water loading. All initial urine 
specimens were significantly hypertonic. Follow- 
ing water ingestion, a distinct fall in urinary os- 
molality occurred in every case (Table II). The 
maximal urinary flow was attained after a time 
interval comparable to that of normal subjects 
(14), suggesting that in these patients inhibition 
of ADH secretion did occur (Table III). An 


8 Administration of steroids always followed that of 
aminophyllin or mercurials. This was because the dura- 
tion of action of the latter drugs is relatively brief, 
whereas the effects of a single dose of hydrocortisone may 
persist for 12 to 24 hours (24). 


4Cy.o is equivalent to the volume of urine per minute 
virtually freed of solute during the diluting process. It 
represents the difference between total urinary flow, V, 
and the volume of fluid necessary to excrete all the uri- 
nary solutes in an isosmotic solution or the osmolar 
clearance, Cosx. : 


V — Cos. = Cmo. 


A thorough discussion of the derivation of these terms 
has been presented in previous publications (25, 26). 





1802 


TABLE III 


The effect of the water load on the glomerular filtration rate 
(GFR) and the time necessary to attain 
maximal flow * 








GFR GFR 
Time (initial periods)t (maximal flow) 





min. ml./min. ml./min. 


98.3 85 82 
(range, 60-126) (range, 52-133) (range, 50-136) 





* The values represent the means of all the patients with 
impaired water diuresis. 

{ The mean of the first two clearance periods. 
increase in glomerular filtration rate at the peak of 
diuresis, as described by Burston and Garrod 
(27), was not observed (Table III). The magni- 
tude of the peak diuresis was distinctly subnor- 
mal (maximal mean urinary flow, 2.4 ml. per 
minute; range, 0.4 to 7.5 ml.; mean urinary os- 
mulality, 409 mOsm. per Kg.; range, 107 to 643), 
as vas the free water clearance per 100 ml. of 
glomerular filtrate (28) (Table I and Figure 3). 
Although the rate of urinary flow could be cor- 
:elated to some extent with solute excretion 
(r= 0.38) or with glomerular filtration rate 
(r = 0.22) (Figures 1 and 2), the correlation wis 
much poorer than that observed in normal sub- 
jects (15, 16). Although three of the patients 
with subnormal diuresis (Nos. 4, 9, 11) were 
abie to form a moderately hypotonic urine, their 
rate of glomerular filtration and solute excretion 
did not differ appreciably from those patients 
whose control urines were hypotonic (Table I).° 
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Each point represents one patient. 


5 The distinct deterioration in water diuresis and glo- 
merular filtration observed in Patient No. 4 between his 
first (2/57) and second (11/57) studies was associated 
with a failure to take hydrocortisone therapy for the en- 
tire interval beginning two weeks before the first study. 
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B. Response to aminophyllin or Mercuhydrin®. 
Following the administration of aminophyllin, 
urinary flow increased abruptly in every patient 
(Table I and Figure 3), attaining a maximal rate 
within 20 to 40 minutes. The mean increase in 
flow was 8.2 ml. per minute, with a range of 3.6 
to 18. The smallest absolute but the greatest 
percentile increments occurred in those subjects 
with the lowest control urinary flows. The diure- 
sis seemed adequately explained by the associated 
acute increases in both glomerular filtration rate 
and solute excretion. Filtration rate increased an 
average of 42 ml. per minute and generally re- 
turned to the control level within one hour. The 
mean increase in solute excretion was 1,487 
uOsm. per minute. Although peak excretion of 
urinary solutes coincided with the maximal rise in 
glomerular filtration rate and urinary flow, the 
subsequent decline in solute excretion was more 
gradual and was still somewhat above control 
levels when hydrocortisone was administered 
(Figure 3). 

The qualitative change in urinary osmolality 
and free water clearance (Cy.0) i». ving the ad- 
ministration of aminophyllin was dependent solely 
on the urinary osmolality during the control pe- 
riods. Those patients with distinctly hypotonic 
control urines (Nos. 4 and 11, Table I, 45 to 132 
mOsm. per Kg.) had an increase in urinary os- 
molality and Cy. regardless of the magnitude of 
the change in solute excretion or glomerular fil- 
tration rate (Table I). This is the character- 
istic response to an increase in solute excretion 
and/or filtration rate during a maximal sustained 
water diuresis in normal subjects (16, 21, 22). 
Those whose control urines were slightly hy- 
pertonic, but did not exceed 500 mOsm. per Kg. 
(Table I), had not only increased Cyyo and uri- 
nary flow, but distinctly decreased urinary osmo- 
lality. These changes indicated a more normal 
or improved water diuresis following the injec- 
tion of aminophyllin. Urinary osmolality de- 
creased from a mean value of 409 to 219 mOsm. 
per Kg. while Cyoo increased from a mean nega- 
tive value of — 1.3 to + 1.3, a mean algebraic in- 
crease of 2.6 ml. per minute. 

Because of the smali size of this group, statist#- 
cal correlations between changes in osmolaliiy 
and Cy.o and in glomerular filtration and solute 
excretion were not attempted. It is of interest, 
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however, that of the two subjects with the most 
marked rise in Cy.o and fall in urinary osmolality 
(Nos. 3 and 12, Table I), one (No. 3) had the 
largest increase in glomerular filtration and solute 
excretion while the other (No. 12) had the small- 
est. In addition, one other subject (No. 8) had 
a twofold increase in filtration rate, a fourfold in- 
crease in solute excretion, and a threefold in- 
crease in urinary flow without an appreciable 
change in his control osmolality of 355. 

In those patients whose control urinary osino- 
lalities exceeded 500 mOsm. per Kg. (Nos. 5, 6, 
10, Table I), the administration of aminophyllin 
caused a decrease in osmolality and in Cy,0. 
This is the characteristic effect of an increase in 
solute excretion on a urine of low volume but high 
osmolality (usually indicating a moderately high 
if not maximal level of ADH activity) (29, 30). 

To determine whether the increase in Cy.o and 
decrease in urinary osmolality after aminophyllin 
was due to an increased rate of solute excretion 
and increased glomerular filtration, it was neces- 
sary to increase the excretion of solute without 
elevating the rate of filtration. For this purpose, 
Mercuhydrin® was administered to four patients 
(Nos. 4, 7, 8 and 9) at the height of their water 
diuresis. In two of the subjects (4 and 8) it 
was possible to compare the effect of aminophyllin 
to that of the mercurial in paired experiments. 
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Fic. 3. THe PATTERN OF RESPONSE TO AMINOPHYL- 
LIN AND HyprocorTISONE IN THOSE PATIENTS WITH IM- 
PAIRED WATER DrurREsIS 

Each line (point) represents the mean value for the 
entire group at that period of the experiment. 


In contrast to the immediate response of uri- 
nary flow and solute excretion to aminophyllin, 
Mercuhydrin® caused a gradual increase in solute 
excretion and urinary flow which reached its 
peak in two and one-half to three hours. It had 
no effect on glomerular filtration rate. Patient 
No. 9 was forming a hypotonic urine when the 
mercurial was given and, as expected, had a rise 
in osmolality and Cy.o (Table I). The paired 
studies in Patients No. 4 and 8 (Table I) do not 
suggest a consistent difference between the re- 
sponse to the mercurial and to aminophyllin 
which could be attributed to the latter’s effect on 
glomerular filtration rate. The response to 
Mercuhydrin® in Patients No. 7 and 8 is pre- 
sented in detail in Table IV. Mercuhydrin® 
caused a marked increase in solute excretion and 
urinary flow while urinary osmolality fell from 
643 and 642 to 253 and 292 mOsm. per Kg., 
respectively, and Cy.o became less negative in 
both instances. As noted earlier, when aminophyl- 
lin was given to patients whose control urinary 
osmolality exceeded 500 mOsm. per Kg., it al- 
ways caused a decrease in Cg,o or an increase 
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TABLE IV 
The effect of Mercuhydrin® on the impaired water diuresis of two patients with anterior pituitary insufficiency 











Free Glomerular 
water filtration 
Urine Urine Solute clearance rate Serum 
Period Time flow osmolality excretion (Cu,0) (GFR) osmolality 
min. ml./min. mOsm./Kg. pOsm./min. ml./min. ml./min. mOsm./Kg. 
Subject no. 7 
1 30.5 0.4 626 269 —0.6 54 257 
2 30.5 0.4 626 257 —0.6 52 
es 30.0 0.4 643 270 —0.6 53 260 
4 30.0 0.7 568 386 —0.8 50 
5 33.0 0.3 660 211 —1.3 41 253 
6 27.5 1.1 519 586 —1.2 49 
7 29.5 6.2 291 1,795 —0.9 55 253 
8 30.5 10.6 253 2,687 0.0 57 
9 19.5 8.8 261 2,302 —0.3 56 257 
Subject no. 8 
1 30.0 1.8 642 1,156 —2.5 53 274 
” i 60.0 1.8 642 1,156 —2.5 64 
3 29.0 0.6 620 341 —0.8 54 271 
4 38.0 1.1 610 677 —1.4 73 
5 44.0 4.2 365 1,518 —1.4 74 271 
6 29.0 6.8 323 2,183 —1.3 72 
7 19.0 10.0 292 2,935 —0.8 72 271 





* At the end of this period, 2 ml. of Mercuhydrin® was given intravenously. 


in the negative Cg.o in spite of a significant in- 
crease in filtration rate (Nos. 5 and 10, Table I). 

The data presented indicate that when the urine 
is moderately hypertonic an abrupt increase in 
solute excretion without a change in the rate of 


ADRENAL INSUFFICIENCY No. 12 


8 


pci i 0.5 Gm. LV. eo 





LT 


RATE ce/ min. 
§ 


GLOM. FILT. 


| 
ol ‘ $ 


Cosu.- iB 
Cuz - () 





URINARY OSMOLALITY mOsm/Kg. 





4 80 120 60 200 
Tie 


Fic. 4. Tue Errect of AMINOPHYLLIN AND Hypro- 
CORTISONE ON THE WATER DIuRESIS OF A PATIENT WITH 
ADRENAL INSUFFICIENCY 


Note the rather marked drop in urinary osmolality after 
aminophyllin associated with the rise in solute excretion 
and the minimal increase in glomerular filtration rate. 
Hydrocortisone caused a further decrease in urinary 
osmolality. 


glomerular filtration can cause a marked decrease 
in urinary osmolality with an increase in Cayo 
(18, 21). 

C. Response to hydrocortisone. A noticeable 
increase in urinary flow, fall in urinary osmolality, 
and, in some instances, an increase in glomerular 
filtration rate, occurred within one and one-half 
hours after administering the steroid. The peak 
response was observed in three to four hours 
(Figure 3). Had it been possible to continue the 
experiments longer, a more marked change might 
have been observed (24). The usual response to 
hydrocortisone is illustrated in Figures 3 through 6. 
The difference from both the control and post- 
aminophyllin or mercurial periods was. strik- 
ing. After administering Compound F to the 
patients with impaired water diuresis, the urinary 
osmolality was consistently lower and the Cy.o 
was consistently higher than the values obtained 
in the same patient after aminophyllin or Mercu- 
hydrin®, despite the fact that glomerular filtra- 
tion rate and solute excretion were lower. In 
short, hydrocortisone caused profound improve- 
ment in all the characteristics of the water diuresis. 

The peak increase in Cy.0 and the lowest osmo- 
lality attained after aminophyllin or Mercuhydrin® 
averaged + 1.0 ml. per minute and 266 mOsm. 
per Kg., respectively. Hydrocortisone caused an 
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In spite of the marked rise in glomerular filtration rate 
and solute excretion after aminophyllin, the increase in 
urinary flow and decrease in osmolality were relatively 
slight. In this patient the pronounced improvement in 
the water diuresis was associated with an increase in 
glomerular filtration rate. 


even further rise in Cy,o to a mean of 4.8 ml. per 
minute while urinary osmolality fell to a mean 
low of 150 mOsm. per Kg. This effect of Com- 
pound F in improving water diuresis could not 
be explained solely by its effect in increasing 
glomerular filtration rate or solute excretion. Al- 
though the mean glomerular filtration rate after 
hydrocortisone (103 ml. per minute) was con- 
siderably higher than that of the control periods 
(82 ml. per minute), it was less than the levels 
attained after aminophyllin (122 ml. per minute). 
Furthermore, the steroid caused a marked im- 
provement in water diuresis in some cases (Nos. 
4, 5, 9, 10 and 12, Table I) without any signifi- 
cant effect on filtration rate. The excretion of 
urinary solutes continued to fall following the 
administration of hydrocortisone to a mean rate 
of 972 »Osm. per minute, a marked reduction 
from the peak of 2,337 »Osm. per minute attained 
after aminophyllin or Mercuhydrin®. Although 
a decrease in solute excretion during water diure- 
sis without a change in filtration rate would 
ordinarily cause a decrease in minimal osmo- 
lality (16), it would always cause a decrease in 
Cg.o and urinary flow (16, 31) rather than the 
increase observed after hydrocortisone. The only 
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two patients whose filtration rates decreased fol- 
lowing steroids (Nos. 7 and 8, Table I) did not 
demonstrate an increase in urinary flow. This 
may have represented some untoward response 
to the previously administered mercurial. Never- 
theless, both displayed a further decrease in uri- 
nary osmolality and an increase in Cyzo. 


DISCUSSION 


In the present study, the impaired water ex- 
cretion of adrenal and pituitary insufficiency 
could be partially corrected by the administration 
of aminophyllin or mercurials. Hydrocortisone, 
however, caused a much greater improvement in 
all the characteristics of the water diuresis. If 
these drugs and Compound F-like steroids act 
primarily at the renal level, it should be possible 
to fit their actions into the generally accepted 
schema for the renal tubular reabsorption of so- 
lutes and water (17, 19, 20, 29, 31-33). 

The ability of aminophyllin to improve the 
water diuresis (a decrease in osmolality and an 
increase in Cy,0) of those patients excreting a 
moderately hypertonic urine (500 mOsm. per 
Kg., Figure 3) is readily explained by its effects 
on glomerular filtration rate and solute excre- 
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The rise in filtration rate and solute excretion after 
aminophyllin caused a large increase in urinary flow with 
a relatively slight decrease in osmolality. Hydrocorti- 
sone caused a further distinct improvement in the water 
diuresis without a change in filtration rate and a decrease 
in solute excretion. 
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tion. The increase in filtration rate and the in- 
hibition of solute reabsorption in the proximal 
tubule greatly enhanced the delivery of isosmotic 
fluid into the distal or diluting segment. Here, 
in the absence of ADH, a greater volume of hypo- 
tonic fluid would be formed. When this volume 
is decreased by reabsorption of an absolute fixed 
quaitity of water in a terminal concentrating seg- 
meni (? collecting tubule), the ultimate effect is 
the production of a greater amount of more dilute 
urine than that excreted in the control periods. 
Recent experiments have shown that when the ad- 
ministration of ADH has caused the production of 
a slightly hypertonic urine, an acute increase in 
solute excretion can convert this to a hypotonic 
urine with an increase in Cy,o (18, 21). This 
response would be anticipated from the above 
schema. The response to Mercuhydrin® in the 
present study can be similarly explained. 

The marked improvement in water diuresis 
caused by hydrocortisone cannot be solely ex- 
plained by its effects on glomerular filtration and 
solute excretion. In those patients (Nos. 1, 3, 
4, 6, 10 and 11, Table I) in whom the steroid 
caused an increased filtration rate, this may have 
contributed to the improved diuresis. If it simul- 
taneously increased the distal reabsorption of so- 
lutes, a greater urinary dilution would have oc- 
curred, and this was observed. However, the 
frequent marked improvement in all parameters of 
the water diuresis (flow, osmolality, and Cy,0) 
without a change in filtration rate and with a de- 
crease in solute excretion strongly suggests that 
hydrocortisone either inhibited the back-diffusion 
of water in the diluting segment and/or inhibited 
the back-diffusion or reabsorption of water in the 
terminal or concentrating segment. It can be 
argued that Compound F could have corrected 
the impaired water diuresis if it blocked proximal 
tubular reabsorption of a certain fraction of so- 
dium and water and enhanced the reabsorption 
of sodium in the distal or diluting segment. It 
seems that had this been an important corrective 
mechanism, both aminophyllin and Mercuhydrin® 


6In unpublished observations, the authors have noted 
that 6-methyl-prednisolone (Medrol®) can cause an im- 
provement in water diuresis comparable to that following 
administration of hydrocortisone, and that this analog of 
Compound F does not increase the net tubular reabsorp- 
tion of sodium. 
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should have produced more marked improvement 
in the water diuresis. Both of these drugs 
greatly increased the delivery of proximal fluid 
into the distal tubule. 

The above explanations assume the absence of 
endogenous ADH during the sustained water in- 
fusion. The degree and rate of urinary dilution 
which occurred after the water load was given 
(Table II) suggests an inhibition of the neurohy- 
pophyseal system with a secondary reduction in 
circulating ADH. In normal subjects, hydro- 
cortisone does not alter the diuretic response 
curve after a single oral water load (1,500 ml.), 
does not modify the response of the neurohypo- 
physeal system to osmotic and nonosmotic stimuli 
and does not antagonize the peripheral action of 
ADH (34). Furthermore, earlier investigations 
have shown 1) that alcohol, a strong inhibitor of 
the neurohypophyseal system, does not initiate a 
water diuresis in adrenal insufficiency unless hy- 
drocortisone is previously given (35, 36), and 2) 
that there is no increased sensitivity to or delayed 
inactivation of ADH in patients with adrenal and 
pituitary insufficiency (6). These observations 
suggest that an extrarenal mechanism altering the 
metabolism of ADH is not responsible for the im- 
paired water excretion in these states. An excess 
of circulating ADH in adrenal insufficiency has 
been postulated, based on the detection by bioas- 
say of high levels of antidiuretic substance (7, 8, 
12). The validity and specificity of the bioassay 
technique utilized have been seriously questioned 
by Van Dyke, Ames and Plough (13) and Strauss 
(14). 


SUMMARY AND CONCLUSIONS 


1. The diuretic response to a sustained posi- 
tive water load is markedly impaired in almost all 
patients with adrenal and pituitary insufficiency. 

2. Aminophyllin and Mercuhydrin®, by in- 
creasing glomerular filtration rate and/or solute 
excretion, can partially correct this abnormality. 

3. The marked improvement in the water diure- 
sis, however, which follows the administration 
of hydrocortisone, cannot be solely explained by 
the above mechanisms. 

4, The data of the present study strongly sug- 
gest that this steroid primarily acts by inhibiting 
the back-diffusion or reabsorption of water in the 
loop of Henle, distal tubule, or the concentrating 
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segment (? collecting tubule) in the absence of 
circulating antidiuretic hormone (ADH). 
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APPENDIX 
Summary of cases in Table I 
Anterior pituitary insufficiency 


1. 52 year old male. Chromophobe adenoma of 10 years’ 
duration. Surgically treated. Gonadal, thyroid and 
adrenal insufficiency. Therapy consisted of testosterone 
and desiccated thyroid, no adrenal replacement therapy 
for a month prior to study. 

2. 60 year old male. Chromophobe adenoma of 12 years’ 
duration. Treated with irradiation. Gonadal, thyroid and 
adrenal insufficiency. Therapy consisted of testosterone 
and desiccated thyroid, no adrenal replacement therapy 
for two weeks prior to study. 

3. 47 year old male. Pituitary infarction of 16 years’ 
duration. Gonadal, thyroid and adrenal insufficiency. 
Therapy consisted of testosterone and desiccated thyroid, 
no adrenal replacement therapy for one week prior to 
study. 

4. 58 year old male. Chromophobe adenoma of eight 
years’ duration. Surgically treated. Gonadal, thyroid 
and adrenal insufficiency. Therapy consisted of testos- 
terone and desiccated thyroid, no adrenal replacement 
therapy for one month prior to study. 

5. 60 year old male. Questionably postencephilitic of 22 
years’ duration. Gonadal, thyroid and adrenal insuffi- 
ciency. Therapy consisted of testosterone and desiccated 
thyroid, no adrenal replacement therapy for two weeks 
prior to study. 

6. 48 year old male. Suprasellar cyst of nine years’ 
duration. Surgically treated. Gonadal, thyroid and 
adrenal insufficiency. Therapy consisted of testosterone 
and desiccated thyroid, no adrenal replacement therapy for 
two months prior to study. 

7. 42 year old male. Chromophobe adenoma of six 
years’ duration. Surgically treated and postoperative ir- 
radiation. Gonadal, thyroid and adrenal insufficiency. 
Therapy consisted of tesosterone and desiccated thyroid, 
no adrenal replacement therapy for one month prior to 
study. 

8. 56 year old male. Chromophobe adenoma of 13 years’ 
duration. Surgically treated and postoperative irradia- 
tion. Gonadal, thyroid and adrenal insufficiency. Therapy 
consisted of testosterone and desiccated thyroid, no adrenal 
replacement therapy for two weeks prior to study. 


Adrenal insufficiency 


9. 27 year old male. Adrenal insufficiency of six years’ 
duration; etiology, idiopathic. No replacement therapy 
for two weeks prior to study while patient was maintained 
on high salt diet (10 to 15 Gm. per day). 

10. 32 year old male. Adrenal insufficiency of 10 years’ 
duration; etiology, tuberculous. No replacement therapy 
for two weeks prior to study while patient was maintained 
on high salt diet (10 to 15 Gm. per day). 

11. 47 year old male. Adrenal insufficiency of nine 
years’ duration; etiology, questionably tuberculous. No 
replacement therapy for three weeks prior to study while 
patient was maintained on high salt diet (10 to 15 Gm. 
per day). 

12. 58 year old male. Adrenal insufficiency of five 
years’ duration; etiology, idiopathic. No replacement 
therapy for two weeks prior to study while patient was 
maintained on high salt diet (10 to 15 Gm. per day). 
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Studies of the biochemical mechanism for the 
release of iron from hepatic ferritin stores have 
revealed the participation of the enzyme xanthine 
oxidase (1). During this reaction between the 
enzyme and ferritin iron some of the iron in the 
ferric state is reduced to the ferrous form and 
can be removed from the protein in the presence 
of iron-binding agents such as a,e’-dipyridyl or 
the plasma iron-binding globulin, siderophilin. 
Evidence for the participation of this enzyme in 
the release of ferritin iron is based for the most 
part on in vitro studies using rat liver slices sub- 
jected to lowered oxygen tension. Such tissue 
slices accumulate ferrous-ferritin and high levels 
of hypoxanthine and xanthine, substrates for xan- 
thine oxidase, as well as uric acid, their oxidation 
product. In addition, indirect evidence implicates 
this mechanism in the release of ferritin iron to 
the plasma in the intact animal; as a result of liver 
hypoxia following extensive blood loss, the plasma 
iron and uric acid of dogs is found to increase to a 
considerable extent. (2). 

The results of the present study serve to con- 
firm the participation of xanthine oxidase in the 
in vivo liberation of tissue iron to the circulation. 
Administration of xanthine oxidase substrates to a 
variety of animals serves to increase the activity 
of the enzyme in the tissues and brings about an 
increase in plasma iron. Studies of the reaction 
between xanthine oxidase and ferritin iron, as 
well as with other electron acceptors, serve to 
clarify the mechanism of this reaction. 


METHODS 


Animals used in this study were anesthetized with 35 
mg. per Kg. of sodium pentobarbital administered intra- 
venously; when necessary, additional small doses of 
pentobarbital were given intramuscularly during the ex- 


1 Aided by research grants from the Josiah Macy, Jr. 
Foundation, and the National Institutes of Health, United 
States Public Health Service (Grant A-1655). 


periment. In experiments with dogs and rabbits, blood 
samples (4 ml.) were withdrawn by means of a cannula 
placed in one of the femoral arteries. The cannula was 
filled with heparin solution and some of the heparin 
allowed to enter the circulation. This precaution serves 
to prevent occasional cloudiness of plasma samples. Blood 
samples were obtained from guinea pigs by means of a 
cannula in one of the carotid arteries. Prior to with- 
drawal of blood samples, the heparin-blood mixture in the 
cannula was removed and subsequently replaced. 

Estimation of plasma uric acid was based on its re- 
duction of the phosphomolybdic acid reagent (3). An 
additional plasma sample was incubated with the enzyme 
uricase to insure specificity of the uric acid determina- 
tion (4). Plasma iron was determined by the method of 
Schade, Oyama, Reinhart and Miller (5) using a total of 
1.0 ml. plasma; 0.5 ml. for the blank and 0.5 ml. for the 
terpyridyl reaction. Occasional confirmation of this 
method was carried out by duplicate analyses using the 
method of Kitzes, Elvehjem and Schuette (6) or Ramsay 
(7). The Schade method was preferred because of the 
small volume of plasma required and since small amounts 
of hemolysis do not interfere with the determination. 

To study the effect of substrate concentration on the 
reduction by xanthine oxidase of molecular oxygen, re- 
action mixtures were prepared which contained the fol- 
lowing: 1.5 ml. phosphate buffer, 0.1 M, pH 7.2; 0.3 ml. 
of a solution containing 1.2 mg. bovine serum albumin; 
0.4 ml. 1:10 catalase (600 units) ; 0.4 ml. 1:50 xanthine 
oxidase (120 units) ; 1.0 ml. hypoxanthine of various con- 
centrations, dissolved in 0.01 M NaOH; and water to 
make a total volume of 5.0 ml. The final pH was 7.4. 
The reaction mixture containing ali ingredients except for 
hypoxanthine was incubated at 37° to achieve tempera- 
ture equilibration and substrate was added at “zero” 
time. The mixtures were incubated in air for five min- 
utes and the reaction stopped by the addition of 0.5 ml. 
each of 0.67 N H.SO, and 10 per cent sodium tungstate. 
Aliquots of the supernatant solution obtained after cen- 
trifugation were analyzed for uric acid. 

For measurement of enzyme activity in the presence of 
methylene blue, all of the ingredients listed above together 
with 0.1 ml. of methylene blue solution containing 0.1 mg. 
of the dye were placed in the main compartment of a 
Thunberg tube. The substrate was placed in the stopper 
and the tubes alternately evacuated and filled with nitrogen 
four times. After temperature equilibration at 37° the 
contents of the tubes were mixed and the time required 
for complete decolorization noted. 
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Reduction of ferritin iron was measured in reaction 
mixtures which contained all of the ingredients listed 
above except that 0.8 ml. of horse spleen ferritin solution 
containing 12 mg. total iron was used instead of the dye 
and, in addition, 1.0 ml. of a 0.2 per cent aqueous solu- 
tion of a,a’-dipyridyl. The reaction flasks containing all 
compounds except the substrate were incubated at 37° and 
flushed with tank nitrogen, and substrate was added at 
“zero” time. An equal volume of a cold mixture, con- 
taining two parts of 1 M acetate buffer, pH 4.6, and five 
parts of saturated ammonium sulfate, previously adjusted 
to pH 4.6, was added to stop the reaction. The mixtures 
were centrifuged to remove ferritin and the color due to 
the ferrous-dipyridyl complex read in a _ colorimeter 
against a standard ferrous iron solution treated in an 
identical manner. For each substrate concentration, two 
determinations were performed, one at 10 minutes and the 
other at 40 minutes. The reaction velocity was calculated 
for this 30 minute period. 

Samples of purine were obtained through the courtesy 
of Drs. Fred Philips and Aaron Bendich of the Sloan- 
Kettering Institute and also from the Francis Earle Labor- 
atories, Peekskill, N. Y. Other purines were obtained 
from Schwarz Laboratories, Mt. Vernon, N. Y.; catalase, 
uricase and xanthine oxidase from Worthington Labora- 
tories, Freehold, N. J. 


RESULTS 
Effect of hemorrhage or trauma on plasma uric 
acid 


The effect of hemorrhagic shock on plasma uric 
acid was studied inasmuch as dogs subjected to 
this procedure show an elevated level of plasma 
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Fic. 1. Errect of HEMORRHAGIC oR TRAUMATIC SHOCK 
on Rat Piasma Uric Acip 


iron (2) and since our in vitro studies have shown 
a relationship between the enzyme xanthine oxidase 
and the release of ferritin iron (1). Hemorrhagic 
or traumatic shock results in an accumulation of 
products of nucleotide catabolism (8,9). There- 
fore, determination of the end product of such 
catabolism, uric acid, would reveal the action of 
xanthine oxidase on hypoxanthine and xanthine 
resulting from such degradation products. Fig- 
ure 1 shows uric acid concentrations in the plasma 
of rats subjected to hemorrhagic shock (10) and 
to traumatic shock (11) by tumbling in the No- 
ble-Collip rotating drum.? Since the plasma uric 
acid of such animals is much higher than that of 
normal animals or of animals which had been 
nephrectomized, the increases which were ob- 
served were not due to cessation of kidney func- 
tion in the shock state. Of interest are the results 
obtained with rats made resistant to the lethal 
outcome of traumatic shock, and subsequently sub- 
jected to the sane intensity and duration of drum- 
ming as the nonresistant controls. Such animals, 
made resistant by repeated daily drummings of 
graded duration, after receiving the same number 
of turns as the controls, showed a much smaller 
increase of their plasma uric acid. The mecha- 
nism whereby such resistance develops is unknown. 


Effect of intravenous purines on plasma iron 


In order to demonstrate that xanthine oxidase 
activity is directly concerned with the reduction 
and release of tissue ferritin iron in the intact 
animal, it was necessary to simulate one of the 
biochemical consequences of liver hypoxia, 1.¢., 
elevated levels of xanthine oxidase substrates in 
the tissue. This may be accomplished by the 
intravenous administration of large quantities of 
such substrates in order to raise their concentra- 
tion in tissues containing ferritin. Since hypo- 
xanthine and xanthine are quite insoluble at neu- 
tral pH values, the quantity of these compounds 
which can be administered intravenously is lim- 
ited. Hypoxanthine, in doses ranging from 10 
to 42 mg. per Kg., was injected in a solution pre- 
pared by adding 4 ml. guinea pig plasma to 1 ml. 
of an alkaline solution of hypoxanthine followed 
by adjustment to pH 7.4 to 7.8 immediately prior 


2The blood samples were kindly provided to us by 
Dr. S. Baez and Dr. Srikantia of the Department of 
Medicine, The New York Hospital. 
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Fic. 2. Errect oF INTRAVENOUS HyPOXANTHINE ON Doc PLASMA IRON AND 
Uric Acip 


Administered in three divided doses of 16.7 mg. per Kg. each at A (0 min.), B (15 


min.) and C (30 min.). 


to injection. When the higher doses of hypoxan- 
thine were used, it is quite probable that some 
precipitated immediately following its injection 
into the circulation, Following the withdrawal 
of a control blood sample and the injection of hy- 
poxanthine, blood samples were withdrawn at 
intervals of 15 and 30 minutes. In several guinea 
pigs, injected with an equal volume of normal 
plasma, the plasma iron values for these two time 
intervals were slightly lower than that of the pre- 
injection value. Table I gives the values for the 
maximum increase of plasma iron in guinea pigs 
and the duration of the increased level of plasma 
iron over that of the control. Because of the com- 
parative insolubility of hypoxanthine, purine was 
used since it could be administered in larger 
quantities. Since this compound is oxidized by 
xanthine oxidase (12) it would be expected to 


act in a manner similar to that of hypoxanthine. 
The results in Table I confirm this hypothesis. 
As proof of the in vivo conversion of purine to 
uric acid, plasma uric acid values following purine 
injections were elevated. 

Since the number of blood samples which can 
be withdrawn from a guinea pig is limited, hypo- 
xanthine or purine was administered to several 
dogs. Table I lists the increases of plasma iron 
and also demonstrates that the increased level of 
iron is maintained for periods greater than two 
hours in most animals. One dog was injected at 
intervals of 15 minutes with hypoxanthine, dis- 
solved in dog plasma, in three divided doses 
totalling 50 mg. per Kg. In this animal the eleva- 
tion of plasma iron was sustained over a period 
beyond two and one-half hours. Figure 2 shows 
the plasma iron and uric acid values in this dog 


TABLE I 
Effect of purine and hypoxanthine on plasma iron in the dog and guinea pig 

















Purine Hypoxanthine 
Plasma Fe Return to Plasma Fe Return to 
Dose increase normal Dose increase normal 
mg./Kg. ug./100 mi. min, mg./Kg. ueg./100 ml. min. 
Guinea pigs 100 127 > 30 10 55 > 30 
100 115 > 30 27 33 > 30 
150 145 > 30 39 66 > 30 
42 44 15 
Dogs 100 53 >120 11.4 33 90 
100 96 >120 50* 236 >150 
200 196 >120 





* Administered in three divided doses at intervals of 15 minutes. 
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TABLE II 
Effect of purine and hypoxanthine on plasma iron in rabbits 

















Purine Hypoxanthine 
Plasma Fe Return to Plasma Fe Return to 
Dose increase normal Dose increase normal 
mg./Kg ug./100 ml. min. mg./Kg ug./100 ml min, 
70* 107 >120 1.7 54 >t 
80* 70 90 Zin 63 
100* 33 >120 3.1 7 ~~ 
100 44 >120 4.0 3 9 
100 51 >120 4.9 83 >120 
100 226 >120 6.2 28 30 
100 110 >120 74 4 i 
200 37 60 9.1 1 >1 
200 120 >120 10 57 >120 
200 42 9 10 27 > 60 
200 44 90 10 = 
200 50 60 10 1 6 
200 52 120 12.5 50 60 
200¢ 136 >120 15 17 60 
200t 105 >120 15* 90 >120 
250 26 >120 30* a > 
250 30 >120 50* 
300 63 >120 a 40 > 4 
300 60 >120 0* 30 9 
300 134 >120 80* 23 60 
300 155 >120 





* Administered in three divided doses at intervals of 15 minutes. 


¢ Splenectomized immediately before experiment. 


at various time intervals. Elevated values of 
plasma uric acid accompanied the plasma iron 
rise. 

Table II lists the results for 20 rabbits which 
received hypoxanthine dissolved in rabbit plasma 
in doses ranging from 1.7 to 80 mg. per Kg. and for 
21 rabbits receiving purine in doses ranging from 
70 to 300 mg. per Kg. In all cases increases in 
plasma iron were observed, although there was 
considerable variation in response to the injected 
material. 

The specificity of the iron release “reaction” is 
seen from the results listed in Table III for a 
group of compounds other than hypoxanthine or 
purine. The administration of xanthine, inosine 
or adenylic acid resulted in a release of iron into 
the plasma. In all cases these compounds are 
either directly attacked by xanthine oxidase or are 
converted by enzymes in the animal to xanthine 
oxidase substrates. This was shown by the fact 
that their injection into the animal was followed 
by increased levels of uric acid in the plasma. On 
the other hand, uric acid itself, injected in amounts 
which provided levels as high as those achieved 
with purine or hypoxanthine, produced no in- 
crease in plasma iron. No hyperferremia was 


produced by saline, glycine or sodium butyrate. 
Indeed, in all of the latter experiments, a fall in 
plasma iron was observed. This is undoubtedly 
due to the repeated removal of plasma with each 
blood sample and serves to make the hyperfer- 
remia obtained in previous experiments more 
significant. 


TABLE III 
Effect of various compounds on plasma iron of rabbits 











Compound Plasma Fe Return to 
injected Dose increase normal 
mg./Kg. ug./100 ml. min. 
Xanthine 50* 50 
Adenylic acid 50 23 >120 
Inosine 25.1 76 
45.6 15 90 
48.2 58 90 
48.2 55 >120 
98.5* 44 90 
150 23 150 
Uric acid 50* —36 
62.5 —40 
Glycine 125 —20 
Butyric acid 163 —13 
line (5 ml.) —15 
(5 ml.) —17 
(5 ml.) —20 
(5 ml.) —22 
(5 ml.) —23 





* Administered in three divided doses. 
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TABLE IV 
Effect of hemorrhage and of purine on iron and uric acid of hepatic vein and femoral artery plasma 








Plasma uric acid Plasma iron 











Blood Hepatic Femoral Hepatic Femoral 
Time pressure vein artery vein artery 
min, mm. Hg mg./100 ml. ug./100 ml. 
Hemorrhagic shock 
Dog A 0 120 0.3 0.2 78 78 
90 90 Wy | 15 
190 30 10.3 3.0 141 92 
Dog B 0 150 95 95 
140 60 210 120 
245 32 435 330 
Purine injection 
Dog C 0 0.3 0.4 143 140 
(100 mg./Kg.) 60 4.3 3.4 370 336 
120 be 4.7 197 210 
Dog D 0 0.4 0.4 78 78 
(200 mg./Kg ) 15 3.0 2.2 140 102 
90 6.3 6.2 116 116 





Origin of iron release 


Experiments were designed to determine the 
site of release of iron into the plasma which re- 
sults from hemorrhagic shock. Dogs were pre- 
pared with a catheter? placed by a surgical pro- 
cedure directiy into the hepatic vein which fur- 
nished blood samples arising from the liver and 
the portal circulation (spleen and small intestine). 
For comparison, blood samples were withdrawn 
simultaneously from the femoral artery to yield 
iron values for the mixed blood of the general 
circulation. The results (Table IV) show that the 
blood flowing from the liver contributes increased 
quantities of iron and uric acid to the general 
circulation since, at these time periods, the values 
for these constituents in the hepatic vein blood 
were higher than those in the arterial blood. 
Similar experiments * performed with dogs re- 
ceiving a single dose of purine intravenously also 
showed differences in iron content between hepatic 
vein blood and that flowing from the femoral ar- 
tery. These differences were smaller than those 
obtained in experiments using dogs in hemorrhagic 
shock. The relatively acute nature of the iron 
release phenomenon after a single injection of 


8 We are indebted to Dr. George Wantz, Department of 
Surgery, The New York Hospital, for performing the 
catheterization. 


purine as compared with the sustained liver hy- 
poxia of hemorrhagic shock would make it dif- 
ficult to obtain blood samples at the height of iron 
release after purine administration. That the 
spleen is not the exclusive site of iron liberation 
after purine administration can be concluded from 
several results listed in Table II, which show that 
splenectomized rabbits also respond to purine in- 
jection by a liberation of iron into the plasma. 


Relation of plasma iron to effect on blood pres- 
sure of nucleosides 


Since adenosine and inosine are reported to 
lower blood pressure after their administration 
(13), the possibility existed that the increase in 
plasma iron observed with inosine was due to 
tissue hypoxia caused by the lowered pressure 
rather than to its metabolic conversion to hypo- 
xanthine. The injection of 150 mg. per Kg. of 
inosine to a rabbit resulted in an immediate drop 
in pressure from 120 mm. to 55 mm., which re- 
turned to normal in 15 minutes. Despite the 
brief period of lowered pressure the plasma iron 
reached a maximum at 60 minutes with an in- 
crease of 40 yg. iron per 100 ml. plasma. Adeno- 
sine, in a dose (19 mg. per Kg.) which did not 
result in any change in plasma iron, caused the 
blood pressure to fall from 110 mm. to 20 mm. 
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TABLE V 


Effect of substrate concentration on reduction of 
xanthine oxidase acceptors 














Hypo- Enzyme activity in the presence of 
xanthine na 
concen- Methylene Ferritin 
tration Oxygen blue iron 

BM uric 1/tX108 uM Fett/ 
2M /ml. acid/hr. sec.* hr. 

0.05 3.2 21 0.2 

0.10 3.8 21 2.1 

0.20 3.4 14 3.2 

0.50 1.4 9 Sz 

1.00 0.8 7 3.0 





* Decolorization time. 


immediately following the injection and to re- 
turn to normal in 15 minutes.‘ 


Mechanism of reaction of ferritin iron with xan- 
thine oxidase 


Xanthine oxidase is an unusual enzyme since it 
is capable of oxidizing a variety of substrates and 
also can reduce different acceptors. Among the 
latter are molecular oxygen, methylene blue, cy- 
tochrome C and, as we have demonstrated, ferritin 
iron. In light of the presence in the purified en- 
zyme of flavin adenine dinucleotide (FAD), molyb- 
denum and nonheme iron, experiments were per- 
formed in an attempt to determine the site on the 
enzyme which interacts with ferritin iron. Be- 
cause of the well known inhibition of this enzyme, 
by increasing quantities of substrate in the presence 
of oxygen or methylene blue the effect of hypo- 
xanthine concentration on the reduction of these 
acceptors was determined. 

Table V lists the results obtained. It may be 
seen that the activity of xanthine oxidase is in- 
hibited to a considerable extent beyond concen- 
trations of 0.20 »M hypoxanthine per ml. when 
molecular oxygen or methylene blue are used as 
acceptors, whereas no inhibition is obtained when 
ferritin iron is used. 

We had previously reported (1) that the re- 
duction of ferritin iron in the presence of oxygen 
was slightly greater than in its absence. In these 


4Electrocardiogram recordings, taken by Dr. O. D. 
Kowlessar of the Department of Medicine, The New 
York Hospital, demonstrated that the heart rate fell to 
one-half its normal value at a time when the blood pres- 
sure was at its lowest, and returned to normal together 
with the blood pressure, 
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early experiments, an old preparation of enzyme 
had been used. For all of the experiments listed 
in Table V, a fresh preparation of the enzyme, 
used within several days of its receipt was uti- 
lized. When such a preparation was tested with 
ferritin in air and in nitrogen, the results shown 
in Table VI were obtained. The extent of fer- 
ritin iron reduction in nitrogen was much higher 
than in oxygen. On standing in the refrigerator, 
the loss of activity of the enzyme towards ferritin 
reduction in nitrogen was much greater than that 
measured in air, or than the activity of the enzyme 
as shown by uric acid formation in air. These 
results suggest that ferritin iron reduction in ni- 
trogen involves a site on the enzyme different from 
that which is involved in the aerobic formation of 
uric acid or in ferritin reduction in air. Indeed, 
it appears possible that the reduction of ferritin 
iron in air may be partially due to uric acid 
which is formed. 


DISCUSSION 


Although the movement of iron from hepatic 
ferritin to the plasma in the animal has been 
postulated on the basis of studies with Fe®® (14), 
the appearance of increased quantities of iron in 
the plasma of animals injected with xanthine oxi- 
dase substrates or with compounds which can be 
converted to such substrates, serves to identify 
for the first time a specific biochemical mechanism 
which is concerned with the movement of iron 
in the body. That the hyperferremia resulting 
from purine administration is not confined to 
laboratory animals is suggested by the results ob- 
tained by Finch (15) after the intravenous in- 
jection of 1 Gm. of inosine into a man. The 
plasma iron rose from a control value of 72 yg. 
per 100 ml. plasma to 103 pg. per 100 ml. after 


TABLE VI 


Effect of aging on xanthine oxidase activities * 














Uric acid Ferritin iron reduction in 
Age of formation 
enzyme in air Air Nitrogen 
Fresh 100 6.4 20.7 
3 weeks 100 5.4 10.7 





* The activity of the enzyme in terms of uric acid pro- 
duction (uM per hr.) is adjusted in each case to a value of 
100, and the activity of the enzyme in terms of ferritin 
iron reduction (uM Fe** per hr.) adjusted correspondingly. 
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5.5 hrs. and returned to preinjection values by 
9.5 hrs. Our earlier in vitro studies showed that 
xanthine oxidase as well as uric acid could re- 
duce ferritin iron. The results of the present 
study make it unlikely that uric acid is concerned 
with this reaction in vivo, since the injection of this 
compound does not lead to an increase of plasma 
iron, in contrast to the effect of xanthine oxidase 
substrates. 

The fall in blood pressure which is observed 
with adenosine and inosine, although not directly 
related to the release of iron into the plasma, 
may be of some importance in circumstances oc- 
casioned by extensive hemorrhage or muscle in- 
jury. Evidence is available (8, 9) which shows 
a breakdown of nucleic acids and nucleotides and 
an increase in inorganic phosphate in tissues such 
as blood and liver in hemorrhagic shock and in 
blood and muscle in traumatic shock (16). A 
sustained release into the blood stream of such 
compounds would serve to maintain a low blood 
pressure for a relatively long period of time with 
a resultant hypoxia in tissues such as liver. A 
hypoxic liver would then release increased quanti- 
ties of xanthine oxidase substrates and, conse- 
quently, increased quantities of iron to the plasma. 
In radiation injury (17) increases in plasma iron 
as well as evidence of increased destruction of 
nucleic acids, as shown by increased excretion of 
uric acid (18), have been reported. 

Our findings also make it probable that the 
major source of iron liberated to the plasma as 
a result of hemorrhage or of purine administration 
is hepatic ferritin. Regulation of the flow of iron 
from the liver stores to the plasma can take place 
either by alteration of tissue levels of hypoxan- 
thine and xanthine or their precursors, or of the 
level of the enzyme, xanthine oxidase. Lowered 
oxygen tension is one regulatory mechanism 
which increases the flow of hepatic iron to the 
plasma by increasing the level of tissue purines. 
Since hemorrhage produces tissue hypoxia, the 
result of such blood loss is a stimulation of iron 
release to the plasma upon which the bone mar- 
row can now draw for accelerated hemoglobin 
synthesis. Similarly, one can explain the origin 
of the extra iron needed by the bone marrow for 
accelerated hemoglobin synthesis resulting from 
the polycythemia accompanying high altitude 
anoxia. It is suggested that the normal rate of 


flow of iron from liver stores to the plasma is 
determined by low levels of xanthine oxidase 
substrates. The presence of specific inhibitors of 
xanthine oxidase, or the failure of the body to 
synthesize this enzyme (19), would serve to de- 
crease the flow of iron from hepatic ferritin to 
the plasma. In addition to these factors, another 
regulatory factor, now under investigation, is the 
reincorporation of plasma iron into hepatic ferritin. 

Fridovich and Handler * have postulated that 
enzyme-bound iron as well as its FAD are both 
concerned in the activity of xanthine oxidase 
(20). They picture the reaction of enzyme with 
hypoxanthine, in the presence of oxygen, as fol- 
lows: reduction of an easily reducible FAD by 
interaction with substrate; transfer of an electron 
from the reduced FAD to enzyme Fe*** forming 
Fet*+; transfer of an electron from Fe** to an- 
other FAD which reacts with oxygen. Since 
excess substrate inhibits the reaction of reduced 
enzyme with oxygen or methylene blue, the site 
of reaction of these acceptors must be different 
from that which reacts with ferritin iron. The 
binding of hypoxanthine by FAD makes it likely 
that oxygen and methylene blue normally react 
with FAD whereas ferritin iron reacts with en- 
zyme-bound Fe** resulting in the reduction of 
ferritin iron, thus bypassing the second FAD re- 
action. We have also tested the effect of hypo- 
xanthine concentration on the ability of the en- 
zyme to react with ferricytochrome C and have 
found no inhibition, as in the case of ferritin. This 
would suggest that cytochrome C also reacts with 
enzyme iron. However, the ability of our en- 
zyme to reduce cytochrome C was much inferior 
to its reaction with oxygen, a finding reported by 
Westerfeld, Richert and Higgins (21), making an 
interpretation of the data difficult. Our results 
show that xanthine oxidase is capable of oxidizing 
substrates in the absence of oxygen and can also 
oxidize these substrates regardless of their con- 
centration, provided ferritin iron is present. These 
conditions appear to be involved in physiological 
states characterized by liver hypoxia. 

It is likely that the iron of ferritin in tissues 
other than the liver is reduced and released to 


5 We are indebted to Drs. I. Fridovich and P. Handler, 
Department of Biochemistry, Duke University, for a 
copy of their paper prior to its publication and for their 
suggestions. 
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the circulation by the xanthine oxidase mecha- 
nism. The spleen, small intestine during iron 
absorption (22), bone marrow and placenta (2) 
all contain ferritin. Xanthine oxidase is known 
to be present in the first two tissues but has not 
been investigated in the latter, although we have 
demonstrated the ability of rabbit bone marrow 
to reduce ferritin iron to the ferrous state (2)- 
There is also evidence for the existence of hy- 
poxic conditions in the normal placenta (23) 
during a time when increasing quantities of iron 
are transferred to the fetal circulation. The role 
of xanthine oxidase and its substrates in the re- 
lease of iron from these tissues is under inves- 
tigation. 


SUMMARY 


The release of ferritin iron in the liver to the 
plasma, after reduction by xanthine oxidase, has 
been confirmed in the intact animal for guinea 
pigs, rabbits and dogs. Administration of xan- 
thine oxidase substrates or of nucleotides or nu- 
cleosides which can be converted to such sub- 
strates by the animal leads to an increase in 
plasma iron. Inhibition studies in the presence 
of excess substrate indicate that the reduction of 
ferritin iron by reduced xanthine oxidase in- 
volves a site on the enzyme different from that 
which reacts with molecular oxygen or methylene 
blue. It is suggested that the site of ferritin iron 
reduction is associated with the nonheme iron of 
the enzyme and takes place by direct electron 
transfer. The implications of this biochemical 
mechanism for the release of storage iron from 
the liver in various physiological states are dis- 
cussed. 

The physiological stimulus which is common to 
our experiments and which results in an acceler- 
ated release of iron from hepatic ferritin stores to 
This produces an 
increase in level of xanthine oxidase substrates and 


the plasma is tissue hypoxia. 


a consequent reduction and release of ferritin iron 
to the plasma. Since the result of lowered oxygen 
tension is a stimulation of erythrocyte synthesis, 
and therefore of iron incorporation into hemo- 
globin, the ferritin-xanthine oxidase system con- 
stitutes part of a homeostatic mechanism for the 
regulation of the level of iron in the circulation. 
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Gamble (1) has stated that in uremia, the 
defense of chemical structure of the extracellular 
fluid is of much more importance from the point 
of view of survival than the reduction of azotemia. 
More recent knowledge of body composition ex- 
tends this view and implicates body fluid-electro- 
lyte derangements as important lethal factors in 
the uremic syndrome. 

Since demonstration of absorption of urinary 
products from the intestine (2) and secretion of 
urea into the intestine (3), the use of intestinal 
perfusion has been employed by many workers 
in attempts to manage the uremic syndrome, as 
reviewed by Twiss (4) and most recently by 
Merrill (5). Perfusion of an isolated segment 
of intestine for this purpose is attractive since the 
remaining bowel is in continuity. Use of an iso- 
lated segment of ileum in a patient was first de- 
scribed by Kolff (6), and subsequent reports (4, 
7-9) of perfusion of isolated ileal or mid-gut seg- 
ments in patients have appeared. 

Evaluation of isolated intestinal segments in 
dogs has been done (10-14). Seligman, Frank, 
and Fine (10) evaluated the urea clearance of 
various portions of the gastrointestinal tract in 
dogs and found that this is highest in the jejunum. 
This appears to refute earlier work (15) in dogs 
with isolated jejunal segments. Perfusion of the 
intact jejunum with a double lumen tube has 
been shown to remove potassium in proportion to 
the serum concentration (16). The classic stud- 
ies of Visscher and co-workers (17) on the ex- 
change and transfer rates of sodium and water in 
the ileum, as studied with radiosodium and with 


1 Supported by Research Grant H-2363 from the Na- 
tional Heart Institute, United States Public Health Serv- 
ice. Provision of several analytical facilities by the Vet- 
erans Administration Hospital is gratefully acknowledged. 


deuterium oxide, emphasized the rapid exchanges 
and transfers involved. 

The absorptive function of the ileum does not 
favor its use in intestinal perfusion; the import- 
ant secretory function and increased surface area 
of the jejunum would seem to make this segment 
more applicable. Most of the small intestine may 
be resected in the adult with survival and satis- 
factory adaptation, as reviewed by Wangensteen 
(18). Massive small bowel resections are better 
tolerated if the terminal ileum remains. Exclu- 
sion of 50 per cent of the small intestine by an 
isolated segment procedure (Thiry-Vella fistula) 
should not produce any functional abnormality. 

Intestinal perfusion is probably the only method 
that affords the possibility of repeated dialyses 
over a long period. In order to utilize it effec- 
tively, however, it is necessary to define the vari- 
ables, including serum and perfusate electrolyte 
concentrations, serum and perfusate osmolality, 
rates of intestinal exchange and transfer of electro- 
lytes and other crystalloids, and such factors as 
the flow rate and temperature of the perfusate 
solution. It is essential to preserve normal func- 
tioning of the intestinal mucosa and to be able 
to remove water in predictable amounts when 
necessary. The present report shows that the ex- 
change of water, sodium, potassium, chloride and 
urea can be predicted and the method applied. 
The data show that complete renal function is 
not attained although considerable temporary im- 
provement occurred. 

It is the purpose of this paper to report an 
experience with the management of chronic uremia 
in a patient by 74 perfusions of a 50 per cent 
isolated jejunal segment and to present the re- 
sults of a metabolic balance study carried out 
during his three month hospital period. 
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CASE ABSTRACT 


The patient 2 was an 18 year old rancher’s son who, 
five years prior to admission, had acute glomerulo- 
nephritis and since that time had had slowly progressive 
hypertension, azotemia, albuminuria, weight loss and 
anemia. 

Initial studies revealed the following: The patient was 
a well developed, thin, 18 year old boy who was markedly 
pale but appeared to be in relatively good spirits. Vital 
signs and physical examination were normal except for 
a blood pressure of 140/100, slight cardiac enlargement 
and minimal ankle edema. Weight was 53.2 Kg. Labora- 
tory studies on admission revealed a normal white blood 
count, smear and differential. Hematocrit was 18 per 
cent and the hemoglobin was 7.5 Gm. per cent. Urinalysis 
showed a specific gravity of 1.012, acid reaction, albumin 
4+ and no sugar; and microscopic examination revealed 
10 to 15 white cells per high power field and a few fine 
granular casts. Quantitative urinalysis revealed 25 Gm. 
of albumin in 24 hours. Analyses of the plasma were: 
sodium, 140 mEq. per L.; potassium, 5.3 mEq. per L.; 
calcium, 3.0 mEq. per L.; creatinine, 18 mg. per cent; 
non-protein nitrogen (NPN), 176 mg. per cent; blood urea 
nitrogen (BUN), 145 mg. per cent. Plasma volume was 
3.3 L. and total blood volume was 4.2 L. as measured with 
T-1824 blue dye. Total body water on Jan. 8, 1957, was 
38.56 L. Chest and abdominal X-rays showed no ab- 
normality. Review of retrograde pyelograms done two 
years previously disclosed no evidence of obstructive 
uropathy or other abnormality. 

The patient was placed on a low salt, low protein diet 
and lost a few pounds initially. He was continued on a 
diet designed to provide sufficient amounts of sodium and 
minimal amounts of nitrogen. Six blood transfusions ele- 
vated the hematocrit to 35 per cent. On this program 
his clinical situation stabilized, but the azotemia-was un- 
changed. Operation was done on Jan. 19, 1957, under 
local and light general anesthesia with isolation of the 
proximal half of the small intestine and restoration of 
continuity of the remaining bowel by end-to-end anastomo- 
sis. Abdominal stomas were made in both lower quad- 
rants. Postoperatively, the patient’s course for the first 
week was uneventful. On the eighth postoperative day, 
development of clinical deterioration was evident. The 
plasma NPN, which had been unchanged since operation, 
rose and on the following day had reached a value of 272 
mg. per cent with a urea nitrogen of 225 mg. per cent. 
The patient was semicomatose at this time with occasional 
twitching. Accordingly, perfusion of the isolated in- 
testinal segment was begun on Jan. 28, 1957, and was con- 
tinued, usually for six hours a day, five days a week, 
during the remainder of the 10 weeks of his hospital 
stay. Having learned the perfusion technique and prepa- 
ration of the perfusate solution, he was discharged on 
April 11, 1957, to return home to continue the perfusion 
schedule there. This was resumed as outlined and for the 
first two weeks at home his general condition was well 


2 Referred by Dr. John McMillin, Idaho Falls, Idaho. 


maintained with a urine output of 226+ 52 ml.3 per day. 
Progressive oliguria continued, however, and the patient 
expired on May 9, 1957, after a few days of anuria. 
Gross autopsy* revealed chronic lobular glomerulone- 
phritis, each kidney weighing 90 Gm. Destructive ar- 
thritis with caseous exudation in the sterno-clavicular, 
costochondral, acromioclavicular and other joints was 
present. The isolated intestinal segment and remaining 
bowel were normal. The heart weighed 450 Gm. and an 
adhesive pericarditis was present without exudate. Mi- 
croscopic evaluation of the tissues5 showed uric acid 
deposition in the joints and kidneys as well as wide- 
spread metastatic calcification confirmed by the demon- 
stration of 23 to 24 per cent of the ash weight of the 
lung and gastric mucosa as calcium. 


METHODS 


During this three month study, daily dietary intake was 
estimated (19, 20) and urine was collected. Body 
weights were measured daily and after each perfusion. 
Fecal collections were not included routinely but one two- 
day stool collection was done. 

Samples of plasma, urine and perfusates were analyzed 
for sodium and potassium (flame photometer), calcium 
(21), magnesium (21), chloride (22), phosphorus (23), 
urea nitrogen (24), non-protein nitrogen (25) and cre- 
atinine (26). Occasional analyses were done for cre- 
atine (26), uric acid (27) and glucose (28). Perfusates 
containing sucrose were hydrolyzed and the monosac- 
charide (28) was determined. Use of a modification of 
the Kjeldahl nitrogen method for estimation of perfusate 
nitrogen was necessary because of the high carbohydrate 
content. Osmolality was estimated with the Fiske 
osmometer. 

Deuterium oxide in plasma and some perfusates was 
measured by the falling drop method (29), and total 
body water was calr-ulated from the dilution of the amount 
infused after equilibrium (30). 


Intestinal segment perfusion procedures 


A. Perfusion equipment. An oil-filled temperature- 
controlled receptacle ® with the contained 20 L. carboy 
was placed on a bedside stand about one foot above the 
patient. 

B. Perfusate solution. From concentrated stock solu- 
tions, 14 L. of perfusate formula was prepared each day 
according to requirements or for special studies. After 
mixing the solution in the carboy, a sample was taken 
for accurate analysis. A total of 32 different perfusate 

3 Variances are expressed as standard deviations except 
where noted. 

4 By Dr. John Newman, Butte, Mont. 

5 By Dr. Bernard Klionsky, Assistant Professor of 
Pathology, University of Kansas School of Medicine. 

6 Designed and made by the Physics Laboratory, Uni- 
versity of Kansas Medical Center, under the direction 
of Michael Klein, Ph.D. 
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Fic. 1. Nuirrocen Data 


Following initial weight loss, weight gain from two to seven weeks was associated with 
positive tissue nitrogen balance. Weight gain during last two weeks was related to 
edema. Initial decrease in blood urea nitrogen was related to urinary (60 per cent) and 


perfusate (40 per cent) nitrogen excretion. 


Progressive increased removal of nitrogen 


by perfusion with decreased urinary nitrogen excretion is evident. Fecal nitrogen losses 


of about 1 Gm. per day are not included. 


Intake is plotted upward from the zero line 


and output downward from the top of the intake line. E indicates estimated dietary 


nitrogen intake. 


formulas was used for the 50 perfusions with wide ranges 
in the concentration of electrolytes and osmolality. 

C. Perfusion method. The fluid was administered by 
siphon into the left stoma through a rotameter flowmeter 
and was removed from the right Foley catheter by a tube 
leading to a second polyethylene carboy on the floor. 
The flow rate was adjusted to 2 L. per hour in all routine 
perfusions. The effect of varying rates of flow was stud- 
ied separately. During the perfusion, the patient was 
permitted to sit up in bed, assume any comfortable posi- 
tion, read, drink and eat small amounts. Water intake 
was not limited and was dictated only by the patient’s 


thirst. At the end of the perfusion period, which usually 
lasted six hours, 500 ml. of a perfusion solution similar 
to that used during the six-hour perfusion, but containing 
no carbohydrate, was infused into the left stoma in 15 
minutes to wash out any remaining carbohydrate in order 
to reduce the possibility of bacterial enteritis. 

Water transfer was the difference between the volume 
infused and the volume collected. Electrolyte transfer 
was calculated as the difference between the concentra- 
tion of an aliquot of the initial perfusate times the volume 
infused and the concentration of an aliquot of the effluent 
perfusate times the volume collected. 
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Perfusions lasting six hours were usually carried out 
five times weekly, Monday through Friday. A total of 
50 perfusions was done during a period of over 10 weeks. 


RESULTS 
I. Clinical 


A. Hospital course. Eight days following op- 
eration, evidence of clinical deterioration included 
semicoma, vomiting and twitching with plasma 
concentrations as shown in Figures 1 and 4. 
Perfusion was begun on January 28, 1957, and by 
the next day, clinical improvement was mani- 
fested by arousal from coma, ability to get out of 
bed and walk, and to eat normally. Except for 
five days during the remainder of his hospital 
stay, the patient was able to be up and about and 
was able to leave the hospital on weekends for 
several hours. On the five days of inactivity, 
diarrhea and weakness were present, occurring 
during the sixth and seventh weeks after perfu- 
sions were began. 

Weight changes are represented in Figure 1. 
Initial weight loss was probably related to nega- 
tive salt and water balance, while the postopera- 
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tive weight decline may be ascribed to the usual 
catabolic phase related to low caloric intake. For 
about one month after perfusion, moderate weight 
gain was associated with positive nitrogen bal- 
ance, and the patient appeared to be gaining tissue 
weight. The weight gain observed later in the 
hospital course was related to edema, and the loss 
of weight after this period was due to water re- 
moval by perfusion (Figure 2). 

B. Diet. The patient objected to reduction of 
dietary protein to less than 40 Gm. per day. 
Rather than have the patient partake of an un- 
known additional amount of food, and to ensure 
continued cooperation, a more acceptable diet was 
made available. Sodium intake is shown in Fig- 
ure 3. The dietary sodium intake is not more 
accurate than + 15 per cent of the values shown, 
but these figures more nearly represent maximum 
values. 

C. Fecal losses. Daily fecal losses during the 
single 48 hour collection period were: sodium, 
1.2 mEgq.; potassium, 9.5 mEgq.; calcium, 1.4 
mEq.; magnesium, 1.5 mEq.; chloride, 1.1 mEq. ; 
phosphorus, 100 mg.; total nitrogen, 1.0 Gm.; 









Y, 


o 
Yip 
t 

Wltttttth 


YW, 


WUUTSSTT 1 


YJ 


“Yy 


; 

w Ny 

WULdsbsidbiiidiiyypy 
UZ 


Yon 


UW 


wm Wun, 
eMHeEq@@llll 


WZ YY 





CL: 
meme Waa 





} 1 + 3 


ADM. OP. PERFUSION 


below the zero line. 








4 5 io f 


O1ISCH, 


o- 
v4 
e- 
© 


TIME — WEEKS 
Fic. 2. Urine VoLuME, PERFUSATE WATER TRANSFER AND WATER INTAKE 


Progressive decrease in urine volume with associated increased body water removal by perfusion is shown. Urine 
output did not increase significantly when perfusion was not done. Intake is plotted above the zero line and output 
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Fic. 3. Soprum BALANCE AND THE RELATIONSHIP BETWEEN BLoop PRESSURE AND WEEKLY PERFUSATE 
Soptum BALANCE 


Diagram shows correlation (r?= 0.71, p=0.01) until cortisone was given. 


V indicates vomiting; D, diarrhea. 


Urine sodium excretion one week after perfusions were begun was too low (4.5+4.0 mEq. per day) to be plotted 


on this scale. 
in blood pressure. 


non-protein nitrogen, 0.52 Gm.; fiber nitrogen, 
0.53 Gm. Stool phosphorus losses were about 
half of the daily urinary phosphorus excretion. 
Nitrogen loss data, if assumed to be representa- 
tive, would decrease the nitrogen balance (Figure 
1) by about one Gm. per day. Presence of diar- 
rhea would, of course, alter these values and it 
is probable that electrolyte losses by this route 
did contribute to the hyponatremia observed on a 
few occasions (Figure 4). 


D. Urine volume and kidney function, The 


urine volume, which declined gradually through- 
out the period of hospitalization and after dis- 
charge, is shown graphically in Figure 2. After 
perfusions were begun, the average daily urine 
output during the ensuing two and one-half months 
was 589 + 477 ml. per day. During the last two 


Removal of 1,103 mEq. of sodium (not plotted) during cortisone administration produced no decrease 


weeks of hospitalization, 24 hour urine volume 
had decreased to 240 + 33 ml.“declining further 
to 20+ 24 ml. during the final two weeks at 
home. An attempt to correlate the relationship 
of the perfusions to the observed progressive 
oliguria revealed that on 49 of the days when per- 
fusions were done, the daily urine volume was 
594 + 539 ml. On 22 days when perfusions 
were not done, the average 24 hour urine volume 
was 577 + 296 ml., so that daily urine output was 
not affected by perfusions done on the same day, 
nor was it decreased significantly (537 + 479 
ml.) by perfusions done the previous day. Endo- 
genous creatinine-chromogen clearance has been 
measured as a relative indication of renal func- 
tion with realization of its limitations as a meas- 
ure of glomerular filtration in advanced uremia. 
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Fic. 4. Prasma Soprum, CHLorIDE AND PotTasstuM CONCENTRATIONS 


X values represent concentrations before perfusions on 21 days when blood samples were taken 
before and after perfusions. Sodium and chloride concentrations generally increased toward 
normal after perfusions. Potassium concentrations were 5.2 + 1.1 mEq. per L. after perfusions 
were started. One episode of hyperpotassemia (8.2 mEq. per L.) about the tenth week was due 
to excessive potassium in the perfusate but was corrected readily by omission of potassium. 


These data are shown in Figure 5. Sodium, chlo- 
ride, calcium and magnesium excretion paralleled 
the decrease in urine volume. Urine osmolality 
during the perfusion period was 273 + 42 mOsm. 
per L. Decreasing daily albumin excretion cor- 
related with the decline in urine volume (r? = 
0.665, p=0.001). On days when perfusions 
were done, the urine accounted for 24.5 + 11.3 
per cent of the daily nitrogen excretion. During 
the last week of hospitalization this figure was 
14.1 + 3.65 per cent of daily nitrogen excretion, 
both excluding fecal losses. 

E. Plasma electrolyte concentrations. Plasma 
sodium, potassium and chloride concentrations 
(Figure 4) show decreasing values until perfu- 
sions were begun, followed by restoration toward 
normal, accompanied by moderate urinary sodium 


and chloride excretion. In general, plasma sodium 
and chloride concentrations were higher after per- 
fusions than before. Depressions of sodium and 
chloride concentration were related either to diar- 
rhea or to water loading. Significant alterations 
in plasma sodium and chloride concentrations 
were produced by perfusions and were related to 
the electrolyte and osmolar composition of the 
perfusate solutions. Low initial plasma potas- 
sium concentrations soon reached high normal 
values. On one occasion hyperpotassemia (8.2 
mEq. per L.) occurred due to increased potas- 
sium in the perfusate but was corrected readily by 
omission of potassium. 

F. Deuterium studies. Total body water, as 
estimated by deuterium oxide dilution, was 38.56 
L. (72.48 per cent of body weight) on the day 
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after admission. On Feb. 14, 1957, two and 
one-half weeks after perfusions were started, this 
value had decreased to 32.54 L. comprising a 
larger portion (77.39 per cent body weight) and 
reflecting a decreased lean body mass and a pro- 
portionately greater decrease in body fat com- 
pared with the initial studies. 

Comparable states of hydration were observed 
clinically at the times of both determinations. 
The loss of 6.02 L. of total body water corre- 
sponded to the loss of 8.22 Kg. of lean body mass 
using the factor lean body mass equals 73.2 per 
cent H,O (31). The patient’s clinical appearance 
at the time of the second total body water deter- 
mination corroborated these observed body com- 
positional changes; he obviously had lost weight 
and had less muscle mass and subcutaneous fat 
than on admission. 

G. Blood pressure alterations. Blood pressure 
data are presented in Figure 3. Blood pressure, 
measured two to six times daily, averaged 139 + 
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35 mm. Hg systolic and 98 + 9 mm. Hg diastolic, 
preoperatively. Postoperatively, the blood pres- 
sure was 150 + 15 systolic and 100 + 10 diastolic. 
After perfusions were begun, a general decline in 
blood pressure to values of 126 + 6 systolic and 
78 +7 diastolic one month later was observed. 
After this interval, mean weekly fluctuations 
ranging up to 134+ 6 systolic and 98 + 10 di- 
astolic were noted. Mean weekly blood pressure, 
until cortisone was given, was correlated with 
weekly perfusate sodium balance as shown in 
Figures 3 and 6 (r?=0.71, p=0.01). Re- 
moval of sodium after cortisone was given did 
not reduce the blood pressure. 


II. Perfusion results 


A. Determination of optimal flow rate. The 
results of a study in which perfusion rates were 
varied and alternated on the same day in order 
to evaluate the rates of transfer of non-protein 
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The progressive decrease at an average rate of 70 ml. per day is shown. 
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r?=0.71; p=0.01. 


nitrogen at varying rates of flow are shown graph- 
ically in Figure 7. These data indicated that the 
optimal flow rate for the purpose of nitrogen re- 
moval was about 2,000 ml. per hour, and this 
rate was used as a standard part of the perfusion 
procedure in this patient. This rate afforded 
adequate water removal (up to 1,000 ml. per 
hour) and electrolyte transfers when these were 
desired. 

B. Water exchange and transfer. The passage 
of substances across the intestinal mucosa was 
found to depend upon flow rate, osmolality of the 
perfusate, concentration gradient between the 
blood and perfusate, and temperature of the per- 
fusate. Length and surface area of the isolated 
intestinal segment, blood flow to the segment, 
and functional integrity of the intestinal mucosa 
were assumed not to vary sufficiently to preclude 
comparisons of rates observed on different per- 
fusion days. Repetitive observations indicated 
that these assumptions were warranted. 

1. Water transfsr and osmolality. Perfusate 
water absorption or removal, together with urine 
volume and approximate (+ 15 per cent) water 


~ 


One standard error (dotted line) equals 4.2 mm. Hg. 


intake, are shown in Figure 2. On 39 days during 
the perfusion period, when body water was re- 
moved, the water removed by perfusion accounted 
for 71 + 2.4 per cent of the total sensible water 
excretion. During the last 16 days, when water 
was removed by each of 12 perfusions, 88.2 + 6.4 
per cent of the sensible water loss was removed 
by the perfusions. According to the data avail- 
able from 24 perfusions done at home, water re- 
moval by perfusion was continued. 

Thirst occurred during perfusions in propor- 
tion to the osmolality of the perfusate solutions 
employed. Oral fiuid intake was not limited dur- 
ing perfusions and occasionally up to 2 L. was 
taken. 

The reiation between the osmolality of the per- 
fusate solutions and water absorption or removal 
is depicted in Figure 8. Up to 1 L. of water per 
hour was removed with a perfusate osmolality of 
760 mOsm. per L. Removal of body water was 
accompanied on several occasions by obvious de- 
crease or disappearance of edema during the six 
hour perfusion period. This was associated with 
weight loss during this interval corresponding to 
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Fic. 7. Errect or FLow RATE ON NITROGEN REMOVAL 


Flow rates were varied and alternated to determine the 
optimum flow for nitrogen removal. Each point repre- 
sents the average nitrogen removal at the flow rates in- 
dicated. Maximal nitrogen removal was obtained at ap- 
proximately 2 L. per hour. 


the amount of water removed. The osmolal con- 
centration at which no water absorption or re- 
moval took place was 363 +62 mOsm. Plasma 
osmolality during the perfusion period was 299 
+ 4.4 mOsm. per L. 

2. The dynamics of water exchange and clear- 
ance. Deuterium oxide (heavy water) was used 
to measure the rate of exchange of water between 
the blood and the lumen of the isolated jejunal 
segment. The patient was in body water-deu- 
terium equilibrium from a deuterium oxide in- 
fusion on the previous day for determination of 
total body water. A blood sample was taken, 
and 300 ml. of 0.2 M sucrose solution in distilled 
water was instilled into the intestinal segrnent. 
Serial samples were taken from the isolated seg- 
ment for two hours and were analyzed for deute- 
rium, which appeared rapidly in the intestinal 
lumen, reaching a concentration (0.265 volume 
per cent) nearly equal to that of the plasma 
(0.270 volume per cent) in 30 minutes. By the 


usual clearance formula (C= UV/P), the ear- 
lier 15 minute intestinal concentration (0.256 
volume per cent), and correction for the water 
contents of plasma and the sucrose solution, plasma 
clearance of intestinal segment was 19.5 ml. per 
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minute. This is an approximation since the vol- 
ume of the sucrose solution within the segment 
was not measured. The removal of 17 ml. per 
minute, by hypertonic perfusates, approximated 
the deuterium clearance and may therefore have 
represented a near-maximum rate of water re- 
moval. Perfusion for brief (15 minute) periods 
with dilute perfusates of about 50 mOsm. per L. 
concentration indicated an absorption rate of ap- 
proximately 1,000 ml. per hour. These data are 
not included in Figure 8 because of the short per- 
fusion times. Perfusion with plain water is known 
to cause mucosal damage (32) and was not done 
for this reason. 

C. Nitrogen transfer. Nitrogen removal. The 
abrupt decrease of plasma urea nitrogen, after 
perfusion was begun, was associated with intesti- 
nal sodium absorption and increased urine out- 
put with considerable urine nitrogen excretion 
(Figure 1). The plasma urea nitrogen reached 
its lowest concentration (49 mg. per cent) one 
month after perfusions were begun, and this was 
associated with the peak of clinical improvement, 
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positive nitrogen balance, highest caloric intake 
and greatest apparent tissue weight. The plasma 
urea nitrogen remained relatively stable with a 
gradual increase throughout the remainder of 
hospitalization. After perfusions were begun, the 
average morning plasma urea nitrogen for the 10 
week perfusion period was 99.3+12 mg. per 
cent. Perfusion reduced the plasma non-protein 
nitrogen by 8.2 + 7.3 per cent of its initial value 
and the plasma urea nitrogen was decreased by 
10.8 + 7.8 per cent of the preperfusion figure. 

Since the removal of water frequently was greater 
than the removal of nitrogen, the serum concen- 
tration proved to be less valuable than an estimate 
of total body urea nitrogen. The assumption that 
urea is distributed equally throughout total body 
water is well documented (33) and has been con- 
firmed in this laboratory. Two measurements of 
total body water with deuterium oxide, together 
with nitrogen balance measurements and weight 
observations, permitted approximations of daily 
total body water values. From the products of 
body water values and the plasma urea nitrogen 
measurement, total body urea nitrogen estima- 
tions were made. Total body urea nitrogen, 
calculated in this way, was reduced 4.45 + 2.25 
Gm. by each perfusion on 21 days when blood 
samples were taken before and after perfusions. 
On these days, total body urea was reduced by 
128+ 6.5 per cent of its initial value. Urea 
synthesis and urinary urea excretion during the 
six hour interval introduced only a small varia- 
tion and have not been considered in these esti- 
mations. Decrease in total body urea nitrogen, 
calculated in this way, agreed well with the anal- 
ytical values for perfusate urea nitrogen removed ; 
total body urea nitrogens were decreased by 14.1 
+ 4,1 per cent of their initial values. 

Urea nitrogen was removed at a rate of 0.8+ 
0.3 Gm. per hour and accounted for 88.6 per 
cent of the total nitrogen removed. This cor- 
responds to the removal of 4.8 + 1.8 Gm. of urea 
nitrogen in the usual six hour perfusion period. 
Total non-protein nitrogen was removed at a 
rate of 0.92 + 0.32 Gm. per hour or 5.51 + 1.92 
Gm. in six hours. 

2. Urea clearance. From the urea nitrogen re- 
moval data it is possible to calculate the urea 
clearance of the isolated jejunal segment by the 
usual clearance formula (C= UV/P). With an 


overall average plasma urea nitrogen of 99.4 mg. 
per cent and a mean urea nitrogen excretion rate 
of 13.3 mg. per minute, the clearance is 13.4 ml. 
of plasma per minute, which is 17.9 per cent of 
normal renal plasma clearance. 

D. Sodium potassium and chloride. The re- 
lations between perfusate sodium, potassium and 
chloride concentrations and absorption or removal 
rates of these electrolytes are shown by the scat- 
tergrams with linear regression equations’ (34), 
in Figure 9, which represent data obtained from 
49 individual six hour perfusions over a 10 week 
period. 

The rates of maximum removal observed for 
sodium, potassium and chloride are summarized 
in Table I. Removal rates were those observed 
with omission of the respective electrolytes from 
the perfusate solution. With the specified flow 
rate conditions employed, these values probably 
represent near maximum clearance rates for these 
respective electrolytes by the isolated proximal 
half of the small intestine in this patient. The 
maximum absorption rates observed depended 
upon the arbitrarily determined maximum con- 
centrations of electrolytes in the perfusate solu- 
tions. 

Since the intestinal transfer rates of electrolytes 
would seem to depend more upon the differences 
between the plasma concentrations and the perfu- 
sate concentrations than upon the absolute values 
of either, these data have been plotted graphically 
as shown in Figure 10 and are summarized in 
Table I. A high degree of significance (p= 
0.001) for all of these correlations was found. 

E. Calcium and magnesium. Observed changes 
in the perfusate calcium and magnesium concen- 
trations before and after perfusions were subject 
to the probable error of precipitation of variable 
amounts of calcium and magnesium carbonate, 
and this precluded positive interpretation of the 


= NSXY — SXSY 

V[NSX? — (SX)? ][NSY? — (SY)?] 
i! [a(N — 2) 
mi 1-r 
where r = coefficient of correlation; r? = coefficient of de- 
termination; N = number of perfusions; S = “sum of”; 
X = perfusate electrolyte concentration or gradient (see 
Table I); Y = electrolyte transfer rate in mEq. per hr. 


(see Table I); t = factor used to determine p value (level 
of significance) from table of t and p values (34). 
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balance data for these substances. Elevation of 
plasma concentrations (Figure 11) and later evi- 
dence of metastatic calcification suggest that ab- 
sorption of calcium may have occurred with the 
perfusate concentrations employed. 

F. Phosphorus. Analysis of effluent perfusates 
revealed that little phosphorus was removed by 
the perfusate, and significant changes were not 
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Fic. 9. Errect oF PERFUSATE SODIUM CONCENTRATION 
on INTESTINAL SopIUM TRANSFER (A), INTESTINAL Po- 
TASSIUM TRANSFER (B) AND INTESTINAL CHLORIDE 
TRANSFER (C) 

The dependence of sodium, potassium and chloride re- 
moved or absorbed upon these respective perfusate con- 
centrations is shown, together with the points (X) at 
which no transfers occurred at flow rates of 2 L. per 
hour. These data together with the standard errors are 
summarized in Table I. Each point represents one daily 
six hour perfusion, and all perfusions done over the 10 
week period are included. 


observed in plasma phosphorus concentrations be- 
fore and after perfusion. Determinations of fecal 
and urinary phosphorus excretion indicated that 
these two routes accounted for the greatest ex- 
cretion, even with the marked oliguria observed 
later in the course of the disease. 

G. Creatinine and uric acid. Plasma creati- 
nine concentrations before and after perfusion did 
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TABLE I 


Summary of electrolyte transfers * 











Fig 
x Y no. N To Cmmin. x if S. E. Factor r Pp 
mEq./L mEq./L. mEq./hr. mEq./hr. mEq./L 
Perf. Na Na trans. 9A 49 48 1.8 30 14 3.0 0.80 .001 
Perf. K K trans. 9B 49 10 0.1 7 3 2.5 0.50 .001 
Perf. Cl Cl trans. 9C 49 45 0.0 24 12 22 0.65 .001 
Na grad. Na trans. 10A & 88 16 0.74 .001 
K grad. K trans. 10B 32 —4 4 0.52 .001 
Cl grad. Cl trans. 10C 32 44 14 0.5 .001 





* Symbols are as follows: X = perfusate electrolyte or gradient, as indicated, in mEq. per L.; Y = perfusate elec- 


trolyte transfer in mEq. per hr. ; 


Perf. = perfusate concentration, mEq. per L., 


X; Grad. (Gradient) = plasma concen- 


tration — perfusate concentration ; Trans. (Transfer) = removal or absorption, mEq. per hr., Y; N = number of per- 


fusions; T» = zero transfer concentration; Cain, = minimum concentration used; 


T = amount removed with minimum 


perfusate concentration ; S. E. = standard error; Factor = amount to be added to or subtracted from zero transfer 
coaapenation (To) to produce absorption or removal, respectively, of 10 mEq. in a six hour perfusion; r? = coefficient 


of determination; p = probability. 


not differ significantly. Assuming body water 
distribution of creatinine, total body creatinine be- 
fore and after perfusion was calculated from total 
body water and plasma creatinine concentrations. 
Significant changes in total body creatinine were 
not observed. Plasma uric acid data are shown 
in Figure 11. The decrease observed two to 
four weeks after perfusions were begun was as- 
sociated with the peak of clinical improvement. 
Significant amounts of uric acid were not removed 
by perfusion, however. 

H. Glucose. Analyses of nine perfusate solu- 
tions showed glucose absorption of 14 + 6.6 per 
cent of the amount in the perfusate per hour. 
This ranged from 4.50 to 27.85 Gm. per hour and 
was associated with plasma glucose concentra- 
tions of 138 to 162 mg. per cent. Sucrose ab- 
absorption did not occur as evidenced by lack of 
detectable sucrose in the plasma. Some hydro- 
lysis of sucrose was observed in the perfusate, 
however, with absorption of the monosaccharides. 


III, Effect of withholding perfusions 


On days when no perfusions were done in- 
creases in plasma urea nitrogen, non-protein nitro- 
gen and total body urea nitrogen were related to 
dietary nitrogen intake. 

Ten days after perfusions were started, the ef- 
fect of omitting perfusions for five days was eval- 
uated. Effective dietary nitrogen intake was 
37.3 Gm. during this interval. The plasma urea 
nitrogen increased from 86 to 129 mg. per cent; 


the NPN rose from 119 to 158 mg. per cent and 
total body urea nitrogen accumulated from 27.9 
to 41.2 Gm., an increase of 13.3 Gm. Urine non- 
protein nitrogen was 15.3 Gm. The unaccounted 
difference of 8.7 Gm. includes fecal nitrogen loss 
and, possibly, positive tissue nitrogen balance. In 
contrast to his condition at the beginning of this 
interval, after three days the patient developed 
symptoms of nausea, anorexia, vomiting, lower ex- 
tremity paresthesias and general irritability. 
These symptoms subsided during the next per- 
fusion. Overall nitrogen balance was readily 
maintained at an acceptable compensatory plasma 
nitrogen concentration; the rate of nitrogen re- 
moval permitted moderate intake of protein. 


IV. Derivation of perfusate formula 


The derived points (Table I) at which no elec- 
trolyte transfers occur are reference values for the 
preparation of the perfusate formulas. These 
values were altered to compensate for dietary elec- 
trolyte intake and external losses, including urine 
excretion. Any reasonable dietary electrolyte in- 
take could be compensated by adjustment of the 
perfusate concentration to maintain zero balance, 
but maintenance of a fairly constant dietary elec- 
trolyte intake facilitated management. The 
amounts of sodium, potassium, or chloride to be 
removed by each daily perfusion were represented 
by the differences between dietary intake and 
urinary excretion. This difference, multiplied by 
the factor listed in Table I and subtracted from 
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the zero transfer concentration, 


approximate overall zero balance concentration. 
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represents the 
segment 


Positive electrolyte balance occurring on days 


when no perfusions were done 


sidered in the preparation of subsequent perfusion 
formulas in order to remove excesses. 


had to be con- 


V. Maintenance of function by the isolated jejunal 


An attempt was made to evaluate alteration in 
intestinal segment transfers of nitrogen and elec- 
trolytes by plotting these transfers against time. 
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Figures show the dependence of electrolyte absorption or removal on the gradient or differ- 
ence between the plasma electrolyte concentration and perfusate electrolyte concentration. For 
any given perfusate concentration, the plasma concentration determined the actual electrolyte 


transfer at a flow rate of 2 L. per hour. 
summarized in Table I. 
blood samples were taken. 


The percentage of body urea nitrogen removed 
(14.1 + 4.1 per cent) did not change significantly 
over the entire perfusion period of 10 weeks (p = 
0.65). The electrolyte gradients (Figure 10) 
were the same for sodium during seven perfu- 
sions over a period of seven weeks, for potassium 
during 20 perfusions over a period of eight weeks, 
and for chloride during eight perfusions over a 
period of five weeks. When the ratios, electro- 
lyte gradient/electrolyte transfer, were plotted 
against their respective times, no significant slope 
was found. Similarly, water transfer-perfusate 
osmolality relationship did not change during the 
10 week period. It was concluded, therefore, that 
no alteration in transfer rates of nitrogen, sodium, 
potassium, chloride or water occurred during the 
course of the perfusions and that no evidence of 
deterioration of function of the isolated jejunal 
segment was observed. The possibility that later 
alteration in mucosal transfers occurred, is not, 
however, excluded. 


These data, together with the standard errors, are 
Each point represents one daily six hour perfusion on 39 days when 


VI. Course after discharge ® 


Perfusion equipment, supplies and chemicals 
were sent home with the patient, together with 
diet and complete written instructions. Perfu- 
sions had been done in the hospital by the patient 
and his mother for several days prior to discharge, 
and detailed records were also kept by them dur- 
ing the last week in the hospital. 

The patient continued to be up and about and 
was able to drive a car for the first two weeks at 
home. The urine output, which had declined 
during hospitalization, continued to decrease with 
the following average daily urine volumes at home: 
first week, 317 +31 ml.; second week, 134+ 
73 mi.; third week, 22 + 20 ml.; and fourth week, 
17 + 28 ml. Weight remained stable. Twenty- 
four perfusions were done at home with removal 
of 1.52 + 0.69 L. of water during each perfusion. 
Ten telephone conversations were held during 


8 Under the care of Dr. Albert Juergens, Dillon, Mont. 
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Figure shows the maintenance of normal plasma calcium and magnesium concen- 
trations and the general increase in plasma uric acid with a decrease during the third 
and fourth weeks, which corresponded with the peak of clinical and biochemical 


improvement. 


which minor alterations in perfusate composition 
were advised on the basis of weights and clinical 
symptoms, suggesting sodium excesses or deficits. 
During the last five days, joint pains were al- 
legedly severe and were relieved by adding so- 
dium via the perfusate. The patient expired 
quietly one month after discharge. Autopsy 
showed depositions of uric acid and calcium suf- 
ficient to explain the eventual anuria. 


DISCUSSION 


From the results of the present study, afforded 
by changes observed during 50 separate six hour 
perfusions, it was possible to prepare a perfusate 
solution which would cause predictable changes in 
intestinal transfer of these electrolytes in order to 
correct fluid-electrolyte derangements or to main- 
tain water and electrolyte homeostasis. The per- 
fusate composition, at which no transfers of impor- 
tant electrolytes or water occur, is similar to some 
of those used by others (4, 5, 14). 

The urea clearance of 13.4 ml. per minute for 


the isolated jejunum in this study compares with 
a reported value of 19.1 ml. per minute with a 
single perfusion of the entire bowel at a flow rate 
of 1,332 ml. per hour (35). 

Limitations of the method of perfusion of the 
isolated proximal half of the small intestine in- 
clude inability to remove uric acid, creatinine or 
phosphorus in sufficient amounts to lower the 
plasma concentrations of these substances. It 
seems likely that other higher molecular weight 
substances similarly are not removed by the per- 
fusion. From information presently available it 
would seem desirable to limit dietary uric acid 
and its precursors in an attempt to combat the 
hyperuricemia. 

The possible role of sodium in the genesis of 
hypertension receives some support from these 
studies. The significant correlation of blood pres- 
sure with sodium balance seems to implicate this 
ion although better correlation was observed with 
the sodium/potassium ratio. After the patient 
was given cortisone, removal of sodium did not 
produce a fall in bicod pressure. 
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Practical applications in perfusion management 


Table I gives the perfusate concentrations at 
which no transfers of sodium, potassium or chlo- 
ride occur. The factor in mEq. per L. to be 
added to or substracted from the zero transfer con- 
centration in order to add or remove each of these 
electrolytes in a six hour perfusion is also tabu- 
lated. For each 1,000 ml. of water to be added 
or removed in a six hour perfusion, the osmo- 
lality is decreased or increased, respectively, 61 
mOsm. per L. All of these values represent ap- 
proximations, since the standard deviations are 
about 30 per cent of the figures listed. The per- 
fusate composition at which no transfers of elec- 
trolytes or water occurred is summarized in Table 
II. 

The transfer data has been determined for 
each new patient. This was approximated by 
doing several careful one hour perfusions, using 
a few different electrolyte concentrations within 
the ranges reported in this study. From these 
data and their relationships to plasma concentra- 
tions, electrolyte transfers are graphed and calcu- 
lated. This information may then be used to ob- 
tain predictable transfers of electrolytes and water. 

Although the procedure is apparently capable of 
adjusting body water, sodium, chloride, potas- 
sium and urea adequately, it does not perform 
all the functions of the kidney since removal of 
larger molecule uremic metabolites and phos- 
phorus in amounts sufficient to lower the plasma 
concentrations was not attained Body weight 
and clinical symptoms were useful guides in the 
preparation of individual perfusate formulas. 

The practical feasibility of the method is evi- 
denced by the ability of the patient to do it at 
home. Availability of common salts, sugar, tap 
water, and perfusion carboys and tubing render 
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this an inexpensive adjunct. No deterioration of 
function of the isolated intestinal segment was ob- 
served, and present evidence from this laboratory 
and others (4, 14) suggests that the function of 
the isolated segment can be maintained for at 
least three years. 

Patients selected for this type of management 
should be reasonably free from pre-existing car- 
diovascular complications. In the present stage 
of development it is believed that its use at the 
age extremes is not warranted. At the present 
time isolated jejunal segment perfusion is limited 
at this institution to young and middle aged 
adults with serious progressive renal disease. 


SUMMARY 


1. A patient with advanced uremia has been 
managed by 50 perfusions of the isolated proximal 
half of the small intestine in the hospital and by 
24 perfusions at home. 

2. With decreasing renal function and progres- 
sive oliguria, the patient remained clinically and 
biochemically essentially stable until anuria de- 
veloped. 

3. Total renal function was not achieved be- 
cause of failure to remove adequate amounts of 
phosphate, uric acid, and probably other larger 
accumulated metabolites. 

4. Studies of the exchange and transfer rates 
of water, electrolytes and other crystalloids per- 
mitted the compilation of a perfusate solution 
which would produce either no change or pre- 
dictable transfers of these substances at perfusion 
flow rates of two L. per hour. 

5. Urea nitrogen was removed at a rate ot 
0.8 + 0.3 Gm. per hour, and urea clearance was 
13.4 ml. per minute or 18 per cent of normal 
renal clearance. 


TABLE II 
Perfusate composition at which no transfers of electrolytes or water occurred 











mEq./L. Gm./L Gm./14 L. 
Na 48 NaCl 1.35 19 
K 10 KCl 0.73 10 
Ca 10 CaCl.-2H20 0.74 10 
Mg 2 MgCl:-6H:O 0.20 3 
Cl 45 Na lactate (71%) 3.90 ml 55 ml 
Lactate 25 Sucrose 62.00 868 
or 
glucose 36.80 515 
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6. Deuterium indicated a water clearance of 
19.5 ml. per minute by the isolated jejunal seg- 
ment. 

7. Blood pressure was correlated with perfu- 
sate sodium balance until cortisone was given. 

8. Isolated jejunal segment perfusion was a 
useful adjunct in maintaining water, electrolyte, 
and nitrogen homeostasis in this patient. 
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Agents capable of accelerating the conversion 
of prothrombin into thrombin in the presence of 
Ca** may be said to have thromboplastic activity. 
Early studies of thromboplastic activity were car- 
ried out with materials derived from tissues. 
Wooldridge (1, 2), in 1886, produced intravascu- 
lar clotting in animals by the intravenous admini- 
stration of aqueous extracts of red blood cells, 
white blood cells, and tissues. He was of the 
opinion that the active factor in these extracts 
was a protein-lecithin compound. In 1912, Ho- 
well (3) also reported that a lipoprotein was re- 
sponsible for the thromboplastic activity of aque- 
ous tissues extracts. The lipid portion was a 
phosphatide which could be separated from the 
protein with fat solvents, and had the properties 
of “cephalin.” He assumed that the thrombo- 
plastic activity of certain lecithins tested was due 
to contamination with cephalin. McLean (4, 5) 
extended these observations and showed that the 
potency of the cephalin preparation varied directly 
with the degree of unsaturation of the constituent 
fatty acids. Gratia and Levene (6) confirmed 
the work of Howell, using their own cephalin 
preparations. Wadsworth, Maltaner and Mal- 
taner (7-9) prepared cephalin free of lecithin and 
showed that the lecithin had no thromboplastic ac- 
tivity. Cohen and Chargaff (10) and Chargaff 
(11) verified that the tissue thromboplastic factor 
was a lipoprotein and that the lipid portion was 
associated with the phosphatides. 

It became of interest to determine whether 
plasma contained a thromboplastic factor anal- 
ogous to that found in the tissues. Wooldridge 
(12) suggested that a thromboplastic substance 
existed in plasma (“Fibrinogen-B”) which united 
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with tissue thromboplastin (“Fibrinogen-A”) to 
cause clotting in shed blood. He believed that 
both were protein-lecithin compounds, and Mills 
and Guest (13) agreed with this concept. Ho- 
well (14) later suggested that there was a throm- 
boplastic substance in plasma which was decreased 
in hemophilic patients. Chargaff and West (15) 
studied the effect of high speed centrifugation on 
human plasma and noted that the recalcified 
clotting time was prolonged. They were able to 
shorten the clotting time by adding tissue throm- 
boplastin or a saline suspension of sedimentable 
“reddish-brown translucent pellets” obtained from 
plasma. These pellets were later shown by Flynn 
(16) and Tocantins (16) to contain platelets. 
Nevertheless this study stimulated interest in a 
“circulating thromboplastin.” Conley, Hartmann 
and Morse (17) prepared “platelet-free” native 
plasma, using silicone-treated apparatus. A\l- 
though this plasma did not clot in silicone, when 
transferred to untreated glass tubes at 37° C. the 
clotting time was relatively short. The addition 
of tissue thromboplastin caused prompt clotting 
in the siliconed as well as the nonsiliconed tubes. 
They concluded that plasma contained a throm- 
boplastin precursor which was activated by con- 
tact with a foreign surface, and that this pre- 
cursor alone or platelets alone could initiate blood 
coagulation. They postulated that hemophiliacs 
were deficient in the precursor. Shinowara (18, 
19) studied a lipoprotein isolated from blood 
cells (thromboplastic cell component) and the 
nonclottable globulin of Cohn Fraction I (throm- 
boplastic plasma component). Together, but not 
separately, these acted like tissue thromboplastin 
with respect to prothrombin activation. He re- 
garded hemophilia as a disease in which the throm- 
boplastic plasma component was deficient. 

The concept of blood thromboplastin was clari- 
fied when it was shown by Biggs, Douglas and 
Macfarlane (20, 21) that normal blood could 
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produce its own prothrombin converting activity 
from platelet and protein precursors. This idea 
resulted in the development of the thromboplastin 
generation test (22). It is now well known that 
blood can generate thromboplastic activity more 
potent than that of tissue extracts. 

Early studies suggested the coagulant role of 
platelets. It was recognized by Bizzozero (23) 
and Hayem (24) that platelets disintegrated be- 
fore fibrin formed in the process of clotting and 
that if blood was anticoagulated, the platelets re- 
mained intact. Howell (25) had no doubt that 
the disintegration of platelets furnished a ma- 
terial that would accelerate clotting and was es- 
sential in the changes leading to the activation of 
prothrombin to thrombin. Many of the early 
theories of blood coagulation, although differing in 
other points, did recognize that a phosphatide 
was released by the platelets during the process 
(25, 26). The importance of a platelet-plasma 
factor interaction was a concept later stressed by 
Quick and Epstein (27, 28), Brinkhous (29), and 
others (30-32). 

Quantitative studies on platelet lipids were done 
by Erickson, Williams, Avrin and Lee (33), who 
found that 16 per cent of the dry weight of plate- 
lets was lipid, 73 per cent of the lipid was phos- 
pholipid and 68 per cent of the phospholipid was 
“cephalin.” Chargaff, Bancroft and Stanley- 
Brown (34) reported that horse platelet “ceph- 
alin” shortened the recalcified clotting time of 
chicken plasma. Wolf (35) found that lipid ex- 
tracts of whole human platelets were effective 
substitutes for platelets in clotting tests. It was 
soon noted that lipid extracts of brain (35, 36) 
and soy bean phosphatides (37) could substitute 
for platelets in the thromboplastin generation 
test. Klein and Farber (38) tested lipid prepara- 
tions derived from a wide variety of natural 
sources (platelets, mammalian, avian, and plant 
tissues) and showed that all could contribute to 
thromboplastin generation. 

The chemistry of coagulation-active lipids has 
received considerable attention. In 1942, Folch 
(39, 40) demonstrated that “cephalin” was not 
a single substance. With increasing amounts of 
alcohol added to a chloroform solution of crude 
brain cephalin, five fractions were obtained. 
Fraction I contained inositol phosphatide, Frac- 
tion III contained phosphatidylserine, and Frac- 


tion V contained phosphatidylethanolamine. A 
number of laboratories carried out Folch frac- 
tionation procedures or modifications thereof, 
and used the fractions they obtained in tests of 
plasma and tissue thromboplastic activity. The 
results reported by different workers have not 
been in agreement. For example, using tissue 
thromboplastin systems Chargaff (11) found his 
preparations of phosphatidylserine to be inactive. 
Barkhan, Newlands and Wild (41) noted that 
phosphatidylserine was inhibitory in the thrombo- 
plastin generation test, whereas Rapport (42) 
reported that phosphatidylserine was the active 
phosphatide in his system. Garret (43) success- 
fully used Folch Fraction V (phosphatidylethanol- 
amine) in place of platelets in the thromboplastin 
generation test as did Barkhan, Newlands and 
Wild (41). Flute, Barkhan and Rhodes (44) 
found that brain phosphatidylethanolamine ob- 
tained by chromatography on Al,O, columns had 
clot accelerating activity. O’Brien(45, 46) showed 
that egg phosphatidylethanolamine and _ inositol 
phosphatide were effective substitutes for platelets 
in blood coagulation tests. Robinson and Poole 
(47-49) found that chylomicra accelerated throm- 
bin generation and demonstrated that they con- 
tained phosphatidylethanolamine. 

The purpose of the present study was to sep- 
arate and identify the phospholipid components of 
human platelets by means of paper and column 
chromatography (50), and to determine the clot- 
ting activity of each. 


MATERIALS AND METHODS 


Preparation of platelet phospholipids. Blood was col- 
lected by gravity flow into plastic bags which contained 
acid citrate dextrose (ACD) solution. The bags were 
centrifuged for 15 minutes at 4° C. and 1,400 rpm (500 
G). The platelet rich plasma was expressed into sili- 
conized test tubes and the packed cells usually returned 
to the donor. The platelets were washed four times with 
saline. Each wash was centrifuged for at least one hour 
at 3,000 rpm in an International Centrifuge, Clinical 
Model. The packed sediment was pooled and frozen at 
— 20° C. overnight. The test tube was broken and any 
red or white cells which remained at the bottom were 
sliced away with a scalpel blade. This was done to in- 
sure a minimal degree of contamination with other cells. 
The packed platelets were thawed, suspended in four 
times their original volume of cold acetone, and placed 
at 4° C. for 30 minutes, after which the acetone was re- 
moved by centrifugation. This acetone extraction was 
repeated four to six times. The acetone-insoluble ma- 
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terial was extracted with 10 times its volume of chloro- 
form at 4° C. The time of the initial extraction was two 
hours, the second was three, and the third was allowed to 
take place overnight. The extraction vessel was placed 
on an automatic rotator during these procedures to in- 
sure adequate mixing. The material was filtered after 
each extraction and the filtrates pooled. These were 
taken to dryness under a stream of nitrogen and stored 
at — 20° C. under acetone in a dark bottle. Ordinarily, 
500 ml. of blood from a patient with a normal platelet 
count, established by phase microscopy (51), yielded 
about 5 mg. of phospholipid. 

Paper chromatography. Three solvent systems were 
used. The first was based on the method of Lea, Rhodes 
and Stoll (52). A round chromatography jar, 25 x 45 
cm., was used. One hundred micrograms of platelet 
phospholipid in chloroform solution was applied to the 
starting line of silicic acid-impregnated Whatman No. 3 
paper in 5 wl. aliquots. The papers were allowed to 
equilibrate for 30 minutes in an atmosphere containing the 
solvent, 20 per cent methanol in chloroform, which was 
placed at the bottom of the jar. Developing solvent was 
slowly added to the reservoir through a small hole in the 
cover. The front was allowed to descend about 30 cm.; 
the duration of the run was four hours. The papers were 
removed and dried in air, the solvent front having been 
marked. Both sides were sprayed with a solution of 0.2 
per cent ninhydrin in acetone and the color was allowed 
to develop at 100° C. in the dark. Substances containing 
free amino groups such as the cephalins appeared purple. 
The papers were then stained for lecithin and sphingo- 
myelin by the method of Chargaff and co-workers (53, 
54) for choline-containing lipids. The papers were im- 
mersed in a 2 per cent aqueous solution of phosphomolyb- 
dic acid for one minute. They were washed for five min- 
utes in n-butanol and for 15 minutes in rapidly running 
tap water. This was followed by immersion in freshly 
prepared 0.4 per cent stannous chloride in 3 N HCl. A 
positive reaction was a blue spot on a white background. 
Occasionally the background turned blue to some extent, 
but this could be minimized by extra washing before the 
stannous chloride step. 

The second system employed was similar to that of 
Dieckert and associates (55-57). The chromatography 
was carried out in a Reco “Chromatocab,” Model A-300, 
using glass fiber filter paper.t The solvent was composed 
of phenol, 200 Gm., dissolved in 400 ml. of ethyl ether, 
with the addition of 250 ml. of acetone and 50 ml. of 
distilled water. Two hundred ug. of platelet phospholipid 
in chloroform was applied to silicated glass fiber filter 
paper, in 5 wl. amounts. The chromatography cabinet 
was equilibrated with solvent for 30 minutes, and develop- 
ment occurred by the ascending method. The papers 
were removed after the front had ascended about 40 cm., 
which took two to three hours. Before staining, the pa- 


3 Part No. C-4249-2X, Scientific Glass Co., Bloomfield, 
N. J. 

#No. X-934-AH, 30 x 37.5 cm., H. Reeve Angel & 
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pers were heated to 90° C. for 10 minutes in order to 
evaporate the phenol, as it might have interfered with 
the spot tests. The same staining techniques as above 
were utilized. 

It should be mentioned that the 20 per cent methanol in 
chloroform system also worked well using the silicated 
glass fiber filter paper and the ascending method. The 
staining reactions are more clear and sensitive on glass 
fiber paper. 

The third system used was devised by Marinetti and 
associates (58-60). The solvents were diisobutyl ketone, 
acetic acid, and water, (40: 25: 5, v/v/v). Chromatog- 
raphy was carried out by the ascending method, using 
Whatman No. 1 paper impregnated with silicic acid. 
A rectangular chromatography jar, 30 X 60 cm., was 
used.5 One hundred fifty wg. of platelet phospholipid, 
also in 5 wl. amounts, was applied and the solvent front 
was allowed to travel 38 to 40 cm. The time of the run 
was about 15 hours. The solvent front was marked, and 
the papers dried in air for no longer than 20 minutes. 
They were then immersed in a 0.001 per cent aqueous 
solution of Rhodamine G (color index 752) for five min- 
utes, followed by washing in tap water for another five 
minutes. The wet chromatogram was examined under 
ultraviolet light. Phosphatidylserine, inositol phospha- 
tide and phosphatidic acids appeared blue or purple while 
phosphatidylethanolamine, lecithin and sphingomyelin ap- 
peared yellow. The papers were dried and stained with 
ninhydrin. Since the cephalin group could be separated 
in a single unidimensional run, this method proved to be 
the most useful for the identification of platelet phos- 
phatides. It is important to perform the staining reac- 
tions within the stated time sequence because the blue 
spots disappear after a short time (as little as 30 min- 
utes), and hence their presence can be missed. 

Preparation of silica impregnated papers. All grades 
of paper were treated the same way. Pyrex trays, 37.5 
x 25 cm., were used. The papers were immersed individu- 
ally in a solution of sodium silicate-distilled water (1: 1, 
v/v) for three to five minutes. They were removed, held 
in a vertical position, and stroked with a glass rod until 
the surface was smooth and no solution dripped from the 
bottom. Extreme care was taken in handling the papers 
at this point to prevent tearing. They were placed in 6 N 
HCI for exactly 30 minutes. This was followed by wash- 
ing in rapidly running tap water until no chloride could 
be detected in the wash with 1 per cent AgNO,. Chloride 
remaining on the paper interfered with the chromatog- 
raphy, but too much washing resulted in loss of the silica. 
The tap water wash was followed by a rinse in distilled 
water. Occasionally the papers were given a final rinse 
in methyl alcohol and then in ethyl ether, but this step 
was found to be unnecessary. The washed papers were 
dried in air and finally in a mechanical convection oven 
at 100° C. for one hour. The papers were stored between 
two sheets of plate glass, which kept them straight. 

Technique of spot elution. Large numbers of chromato- 
grams were run. The outside lanes were stained, and the 
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corresponding central areas were cut out and placed in 
150 ml. of chloroform. In this manner 1 to 2 mg. of phos- 
pholipid was eluted from the paper. The chloroform was 
taken to dryness under nitrogen. The remaining phos- 
pholipid was suspended in saline or imidazole buffer, pH 
7.35, for testing. 

Authentic phospholipids for comparison of chromato- 
graphic mobility in staining reactions. Egg phosphatidyl- 
ethanolamine was the gift of Dr. C. H. Lea, Low Tem- 
perature Research Station, Cambridge, England. Syn- 
thetic phosphatidylethanolamine [L-alpha- (dimyristoyl) 
cephalin | was kindly provided by Dr. Erich Baer, Banting 
Institute, Toronto, Canada. Egg sphingomyelin was do- 
nated by Dr. H. E. Carter, Noyes Laboratory, University 
of Illinois, Urbana. Egg lecithin was purchased from 
Bios Laboratories, New York, N. Y. 

Column chromatography. The first method used was 
similar to that of Hanahan and co-workers (61-63) and 
Lea, Rhodes and Stoll (52). Chloroform-methanol (4: 1) 
was employed as solvent for the entire procedure. The 
size of the column was 30 X 1.5 cm. It was packed with 
a mixture of 12 Gm. silicic acid (100 mesh, Mallinckrodt) 
and 6 Gm. Hyflo-supercel. Seventy-five mg. of platelet 
phospholipid in 8 ml. of chloroform was applied to the 
column, which was attached to an automatic fraction col- 
lector (Technicon, supplied with a drop counter). One 
thousand ml. of solvent was allowed to pass down the 
column at a flow rate of 1 to 2 ml. per minute. Four ml. 
fractions were collected. These were taken to dryness 
under a stream of nitrogen and tested for thromboplastic 
activity. Aliquots were also taken for identification by 
means of paper chromatography. 

The second column chromatographic procedure was 
devised by Hirsch and Ahrens (64). Dr. Hirsch de- 
signed the column which was used,’ and he kindly pro- 
vided us with silicic acid prepared by his method (64). 
Eighteen Gm. of silicic acid was packed in the column, and 
it was washed with 50 ml. of ethyl ether. Two hundred 
forty mg. of platelet phospholipid in 5 ml. of ether was 
applied to the column when the wash had almost descended 
to the level of the silicic acid. Five hundred ml. of ether 
was then allowed to pass down the column over a period 
of 16 hours. Fractions of 10 ml. were collected. The 
ether was followed by the addition of 400 ml. of redistilled 
methanol which eluted the phospholipids.. One hundred 
forty fractions of 3 ml. each were collected over a period 
of 18 hours. The column was kept at a temperature of 
8° C. by means of a constant flow of tap water through 
the jacket surrounding it. Fractions obtained were dried 
under a stream of pure nitrogen. 

Phosphorus determinations were carried out by the 
method of Dryer, Tammes and Routh (65). Nitrogen 
determinations were done by the microdiffusion method 
of Conway (66). 

2, 4 Dinitrophenylhydrazine in 3 N HCl was used as a 
spray to detect acetal phosphatides (59). 

Fractions were prepared for testing by suspending 


6 No. 5-723, Fisher Scientific Co., New York, N. Y. 
7 No. 572824, Scientific Glass Co., Bloomfield, N. J. 


1839 


approximately 0.5 mg. in 0.3 ml. of saline or the imida- 
zole buffer. This was referred to as the “undiluted” 
fraction. 

The thromboplastin generation tests were performed 
using Spaet’s (67) modification of the method described 
by Biggs and Douglas (22). 

Platelet-poor native piasma was prepared as described 
by Spaet, Aggeler and Kinsell (68), with the following 
exceptions. Blood was drawn into iced siliconed tubes 
by means of a siliconed needle connected to polyethylene 
tubing. Nine-tenths ml: of the prepared native plasma 
was added to 0.1 ml. of the test fraction diluted 1:5. Af- 
ter two hours of incubation at 37° C., the prothrombin 
content of the serum which resulted was determined by 
the method of Ware and Stragnell (69). Before any 
phospholipid preparation was used for chromatography, 
an aliquot was tested for activity in the thromboplastin 
generation test. 


RESULTS 
Paper chromatography 


With the solvent system containing phenol, 
ether, acetone, and water, two spots were noted 
in an average obtained from over 20 runs. The 
leading spot had an Rf value of 0.9. This fraction 
was strongly positive for ninhydrin and always ran 
with egg phosphatidylethanolamine as well as the 
synthetic compound. The second spot was more 
elongated, with an Rf value of 0.7. It was nega- 
tive for ninhydrin and positive for choline. Fig- 
ure 1 is a photograph of a typical chromatogram 
with both the ninhydrin and choline stains present. 

When the solvent system composed of 20 per 
cent methanol in chloroform was used, the second 
spot in the previous system could be resolved. 
The leading spot was again comparable to control 
markers with phosphatidylethanolamine, and this 
was followed by two fractions with Rf values of 
0.3 and 0.4, both positive for choline. The spot 
with the Rf value of 0.4 ran consistently with puri- 
fied lecithin, and that with the Rf value of 0.3 ran 
with sphingomyelin. Figure 2 is a diagram of a 
chromatogram obtained with this system. 

The solvent system containing diisobutyl ketone : 
acetic acid: water (40: 25: 5, v/v/v) gave the 
best resolution and five spots were obtained. Fig- 
ure 3 is a diagrammatic drawing of the chromato- 
gram. The leading spot noted in the previous sys- 
tems was resolved into two components: phos- 
phatidylethanolamine and __ phosphatidylserine. 
Another spot, not previously noted, had an Rf 
value of 0.2. It was thought to be inositol phos- 
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Fic. 1. CHROMATOGRAM OBTAINED WITH SOLVENT 
SysteEM CoMPOsED OF PHENOL, ETHER, ACETONE AND 
WATER 


A and C, platelets; B, synthetic phosphatidylethanol- 
amine. 


phatide because of its staining reaction and Rf 
value (59). 

After these separations 
large numbers of chromatograms were run and the 
spots eluted. The phospholipids could not be 
emulsified adequately in saline or the imidazole 
buff: .._ The poor suspensions obtained were inert 
in the thromboplastin generation test. 


were accomplished, 


Column chromatography 


Using the methods of Hanahan and associates 
(61-63) and Lea, Rhodes and Stoll (52), with 
chloroform: methanol (4:1), aliquots were taken 
from alternate tubes for paper chromatography and 
testing for thromboplastic activity. In the early 
fractions, phosphatidylethanolamine predominated. 
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Phosphatidylserinu was not separated as a single 
fraction, and was probably mixed with phospha- 
tidylethanolamine. After about 400 ml. of eluate 
had been tested, the lecithin and sphingomyelin 
fractions were encountered. The fractions to be 
used for clotting tests were taken to dryness, but 
these suspended very poorly. As suggested by 
Rapport (42), some fractions were mixed with a 
small amount of lecithin in a chloroform solution, 
dried and were resuspended. Although the emul- 
sion was finer, there was no improvement in the 
thromboplastin generation test. The addition of 
0.5 mg. of sodium desoxycholate (Matheson, Cole- 
man & Bell) emulsified the fractions, but this 
compound was found to be anticoagulant in the 
thromboplastin generation test when tested alone 
in concentrations of 0.5 mg. per ml. 

The original mixture of crude phospholipid was 
reconstituted and dried by pooling aliquots from 
each of the fractions. The thromboplastic activity 
which it showed before chromatography was lost, 
and no further work was done with these fractions. 

It was speculated that the chloroform might 
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Fic. 2. Dr1aGRAM OF CHROMATOGRAM OBTAINED WITH 
SoLtveNT SysTtEM CoMposeED OF 20 Per CENT METHANOL 
IN CHLOROFORM 

N, ninhydrin positive (cephalins) ; C, choline positive 
(lecithin, sphingomyelin). 
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Fic. 3. Dr1aGRAM OF CHROMATOGRAM OBTAINED WITH 
SoLtveNt System ComposepD oF D1tsoputyL KETONE, 
Acetic AcID AND WATER 


Only the platelet lipids are shown. R-G, spots seen 
with Rhodamine-G dye and ultraviolet light; N, ninhydrin 
positive ; C, choline positive. 


have been responsible for denaturation of the 
phospholipids during passage down the column, 
since changes in properties of phospholipids have 
been noted when they are stored in this solvent 
(59). The method of Hirsch was undertaken 
since it eliminated the use of chloroform, and was 
capable of separating phospholipids. The ether 
was passed down the column first in order to re- 
move any remaining glycerides, sterols, and other 
nonphospholipids (64). Phosphorus determina- 
tions performed on a number of ether fractions at 
random showed none to be present. The ether 
was followed by methanol, which eluted the phos- 
pholipids. 

Five procedures were carried out on the meth- 
anol eluates: 1) identification by means of paper 
chromatography, 2) substitution for whole plate- 
lets in the thromboplastin generation test, 3) ef- 
fect on prothrombin consumption of platelet poor 
native plasma, 4) determination of phosphorus 
content, 5) microdiffusion nitrogen determina- 
tions on some of the late fractions. 
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Figure 4 is a composite of the resulting data. 
Phosphorus analyses showed the following: Of 
the 240 mg. total phospholipid applied to the 
column, 7.85 mg. represented phosphorus. Nearly 
90 per cent of the phosphorus was recovered (7.1 
mg.). The resolution, Figure 4A, showed two 
main peaks, representing the cephalin and lecithin- 
sphingomyelin fractions, respectively. The phos- 
pholipid in the first peak was ninhydrin positive 
and choline negative, whereas the second peak 
was choline positive and ninhydrin negative. 

Further identification was accomplished by 
paper chromatography. As seen in Figure 4B, 
six fractions were obtained. The early tubes 
showed a mixture of phosphatidylethanolamine, 
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Fic. 4. PuHospHorus CoNTENT, PAPER CHROMATOG- 
RAPHY AND CLottine Activity oF CoLtuMN CHROMATOG- 
RAPHY COMPONENTS 

PE, phosphatidylethanolamine ; PS, phosphatidylserine ; 
U, unidentified component (phosphatidic acid?) ; L, leci- 
thin; S, sphingomyelin; I.P., inositol phosphatide. As- 
terisk indicates difference in time from control values. 
In the thromboplastin times, low figures indicate activity ; 
in the serum prothrombin times, high figures indicate 
activity. 
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phosphatidylserine, and inositol phosphatide. 
Tubes 13 through 19 contained phosphatidylserine 
only. Lecithin and sphingomyelin were present 
in Tubes 22 through 52 and were always together 
on the same chromatogram. This fraction was 
followed by another containing a single com- 
ponent which could not be posiiively identified. 
The average Rf value was 0.5. It stained a 
dense blue color with Rhodamine G, and the 
ninhydrin and choline reactions were negative. 
It also failed to stain with 2, 4 dinitrophenylhy- 
drazine. This spot persisted from Tubes 52 
through 117. Chemical analysis revealed that 
these fractions contained phosphorus, but no ni- 
trogen (66). It is possible that this material was 
a phosphatidic acid. 

The results of the serum prothrombin times, 
Figure 4C, are charted as seconds greater than 
control. The control times were obtained by add- 
ing 0.9 ml. of plasma to 0.1 of saline instead of 
the test substance. The results noted are those 
obtained using plasma from the same donor, al- 
though they represent a composite of several 
different runs. Comparable results were obtained 
with plasma from a different donor. Improvement 
of prothrombin consumption was produced by 
the early fractions containing the mixture of phos- 
phatidylserine, phosphatidylethanolamine, and 
inositol phosphatide. The fraction containing 
pure phosphatidylserine as well as the early part 
of the unidentified component also produced an 
improvement in prothrombin consumption. The 
activity of the fractions in the prothrombin con- 
sumption tests was compared to that obtained from 
crude brain cephalin (36). Brain material was 
used as control because of its abundance and its 
predictable behavior in the tests. One hundred 
per cent activity was taken as that in the con- 
centration of crude cephalin optimal in the throm- 
boplastin generation test. This preparation had 
a phosphorus content of 60 mg. per ml., whereas 
the phosphatidylserine fraction of similar ac- 
tivity had a phosphorus content of 0.3 mg. per 
ml. This represents an increase in activity of 
approximately 200-fold in the phosphatidlyserine 
fraction. 

In the thromboplastin generation tests (Figure 
4D) crude brain cephalin was again used as con- 
trol in place of platelet reagent. The “throm- 


boplastin time” was the difference between the 
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TABLE I 











Tube no. Dilution 

% 

5 10 
6 20 
7 50 
8 50 
9 50 
10 20 
11 50 
12 10 
13 20 
14 20 
15 10 
16 50 
17 50 
18 20 
19 20 
20 20 
53 50 
54 50 
62 50 


substrate clotting time of the crude cephalin con- 
trol and that of the test substance after six min- 
utes of incubation. The most active fractions in 
the prothrombin consumption technique all showed 
activity in the thromboplastin generation test. 
However, some fractions gave activity in the 
thromboplastin generation test alone (.e., Frac- 
tions 5 through 10). The reason for these dif- 
ferences is not clear, but may represent different 
concentration requirements in the two tests. The 
fractions containing only phosphatidylserine 
reached control values, and the first part of the 
unidentified fraction also showed good activity. 
For each fraction, serial dilutions were tested to 
determine optimal activity. This was usually ob- 


TABLE II 


Thromboplastin times (seconds) given by phosphatidylserine 
in the thromboplastin generation test 











Aliquot No. 1 Aliquot No. 2 


Incubation time Incubation time 











(min.) (min.) 

Tube no. 2 4 6 2 4 6 
13, undiluted 33 26~— 25 
3, 221 19 18 23 
13,1:4 20 16 = 12 24 16 12 
13,1:9 21 16 17 2i.6i5=— 6 
13, 1:50 27 23 22 25... 22 22 
13, 1: 100 30 26 = 24 
Control 11 10 11 16 10 = 11 
18, 1:1 27) a2 a 14 11 11 
18,1:4 i2 .i2 48 
18,1:9 16 14 = 14 
Control 21 9 9 12 10 12 
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Fic. 5. Serta, Ditution oF Pure PHOSPHATIDYLSERINE IN THE THROMBOPLASTIN 
GENERATION TEST 


tained with the original suspension diluted be- 
tween 10 and 50 per cent (Table I). As shown 
in Table II, repetition of tests gave good agree- 
ment in active fractions; and even in fractions 
with less activity, six minute clotting times agreed 
within 10 seconds. The data presented in Figure 
4D are typical values obtained using that con- 
centration of phospholipid which gave the shortest 
clotting times. Some of the fractions gave defi- 
nite activity even when diluted to 1 per cent. 

It was also noted that if the concentration of 
phospholipids was above the optimal range there 
was impaired thromboplastin generation. This is 
shown in Figure 5 with phosphatidylserine. Op- 
timal activity was found with the original prepara- 
tion diluted to 25 per cent, and changes in con- 
centration in either direction resulted in definite 
reduction of activity. At optimal activity the 
phosphorus content of the reagent was about 0.4 
pg. per ml. The crude platelet phospholipid 
mixture used for chromatographic separation was 
also tested in the thromboplastin generation test. 
On the basis of rough estimates, its optimal ac- 
tivity was at concentrations of at least 12 pg. 
per ml. of phosphorus in the reagent. Thus there 
appeared to be at least a 40-fold increase of ac- 
tivity in the phosphatidylserine fraction. 


DISCUSSION 


The phosphatidylserine fraction obtained from 
whole platelet lipid extracts was able to replace the 
entire crude mixture in the thromboplastin gen- 
eration and prothrombin consumption tests. Our 
results are in agreement with those of Troup and 
Reed (70), who reported that phosphatidylserine 
derived from platelets and red cells gave maximal 
thromboplastic activity at very small concentra- 
tions. O’Brien (45) reported activity in three 
phosphatidylserine preparations which he tested. 
Working with brain fractions, other laboratories 
have reported thromboplastic activity with phos- 
phatidylserine. Therriault and Nichols (71) 
found that brain phosphatidylserine was inactive 
alone, but when combined with brain lecithin in 
chloroform solution, the product had marked 
thromboplastic activity. Gobbi and Stefanini (72) 
reported that Folch Fractions II and III (phos- 
phatidylserine) were the most active but neither 
was as potent as the entire cephalin preparation. 
On the other hand, Rouser, White and Schloredt 
(73, 74) have stated that phosphatidylethanola- 
mine, containing two unsaturated fatty acids, is 
the active phosphatide in platelets and tissues. 
Troup and Reed (70) found activity in phospha- 
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tidylethanolamine, but noted that larger amounts 
were needed when compared with phosphatidyl- 
serine. In the present study, phosphatidylethanola- 
mine was not separated free of phosphatidylserine, 
a difficulty encountered by others (75). We were 
therefore unable to evaluate the clotting activity of 
the former lipid. Similar difficulty occurred with 
inositol phosphatide. However, the role of phos- 
phatidylserine seems clear. 

The identity of the late fraction which showed 
good thromboplastic activity is a matter of specu- 
lation. It may be a phosphatidic acid, although 
this assumption is based on crude methods of 
identification. It has been stated that phosphatidic 
acid is a metabolic breakdown product of other 
phospholipids such as phosphatidylethanolamine, 
phosphatidylserine, and lecithin (76). This may 
have occurred spontaneously during the column 
chromatographic process. Another alternative is 
that this is a true part of the platelet phosphatide 
complex which was not separated on paper. Clot- 
ting activity has been found in preparations con- 
taining phosphatidic acid (46, 73, 77). 

Lecithin and sphingomyelin could not be tested 
separately since they were eluted together. This is 
possibly due to poor separation of these phospha- 
tides at the low temperatures used in the present 
studies (78). The combined fractions had only 
negligible thromboplastic activity. 

The data suggest that the phosphatides may also 
act as anticoagulants as previously reported (34, 
79, 80). At high concentrations the thrombo- 
plastic potency was low compared with the re- 
sults achieved when each test substance was ap- 
propriately diluted. The anticoagulant nature of 
lipids is under investigation in other laboratories. 
Turner, Silver and Tocantins (81), using Folch 
fractionation of hog brain, have found antithrombo- 
plastic activity in Fraction III (phosphatidy’ 
serine). Holburn, Silver, Turner and Tocantins 
(82) reported that phosphatidylserine interfered 
with the formation of thromboplastin and the ac- 
tion of formed thromboplastin. They could pro- 
duce a prolongation of the whole blood clotting 
time for 24 to 48 hours in vivo, by injecting solu- 
bilized phosphatidylserine. Sphingosine, a com- 


ponent of sphingomyelin and the cerebrosides 
(83), has been found by Hecht, Landaburu and 
Seegers (84) to possess inhibitory properties in 
early stages of blood coagulation. The compounds, 
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o-phosphoethanolamine and  o-phosphoserine, 
which were obtained by the action of phospho- 
lipase C on phosphatidylethanolamine and phos- 
phatidylserine have been reported to inhibit throm- 
boplastin generation and whole blood coagulation 
(85). It thus appears that a variety of lipids may 
have anticoagulant activity; and at present no 
specific agent can be identified which is uniquely 
responsible for the anticoagulant activity shown 
by excessive platelet concentrations. It is clear 
that a wide series of dilutions must be studied be- 
fore it is concluded whether any given compound 
is coagulant or anticoagulant. 

The view has been widely held for many years 
that purification of “cephalin” resulted in loss of 
its clotting activity. Recently Biggs and Bidwell 
(86) conducted extensive isolation procedures on 
brain phospholipid fractions and corciuded that 
clotting activity could not be correlated with any 
substance concentrated by the methods they used. 
It is apparent that there are discrepancies in the 
findings of the various laboratories investigating 
the problem. Some of these have a possible ex- 
planation. First, the methods of purifying the 
phospholipids are not identical in each laboratory. 
The complete separation and purification of the 
components of a crude phosphatide mixture is ex- 
tremely difficult, and techniques such as Folch 
fractionation do not give pure reagents. Changes 
during the isolation procedure alone are enough 
to alter the final results. If the fatty acids be- 
come saturated, the components emulsify poorly 
and cannot be tested. Some phospholipids un- 
dergo changes even when stored under solvents 
in the cold. Secondly, the coagulation systems 
employed for measuring activity are not similar 
in the laboratories studying the phosphatides. 
Finally, each investigator uses a different quan- 
“ty of ctorting material and in different concen- 
Li coun ‘z that the phosphatides will not 
lose cutting, ity as they are further purified, 
if precautions are taken to avoid denaturation. 
The present data show that comparatively small 
amounts of purified phosphatidylserine had the 
same activity as crude phospholipid preparations. 
This was evidenced by the finding that our purified 
phosphatidylserine gave 200 and 40-fold more ac- 
tivity in the prothrombin consumption and throm- 
boplastin generation tests, respectively, as esti- 
mated on the basis of relative phosphorus content. 
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SUMMARY AND CONCLUSIONS 


1. Crude phospholipid extracts of human blood 
platelets have been subjected to paper and column 
chromatography on silicic acid. 

2. The components resolved were: phospha- 
tidylethanolamine, phosphatidylserine, lecithin, 
sphingomyelin and inositol phosphatide. 

3. Phosphatidylserine obtained by column chro- 
matography could replace platelets in thrombo- 
plastin generation and prothrombin consumption 
tests. 

4. An unidentified fraction (phosphatidic acid ?) 
showed thromboplastic activity. 

5. The fraction containing phosphatidylethanola- 
mine was active, but phosphatidylserine and inosi- 
tol phosphatide were present. Thus, the role of 
this phosphatide could not be clarified by this 
study. 

6. Lecithin and sphingomyelin, obtained as a 
single fraction, were inactive. 

7. High concentrations of the various phospha- 
tides appeared to act as anticoagulants. 
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This report is concerned with the development 
and application of a new technique for measure- 
ment of hepatic blood flow and portal circulation 
time. 

The methods by which a patient with clinical 
liver disease can be studied have been generally 
limited to tests of hepatic function and tissue 
biopsy. Recently, however, transcutaneous splenic 
punctures have been employed not only for visuali- 
zation of the portal circulation by radiographic 
techniques (splenoportography) (1-3) but also as 
a means of determining the level of portal venous 
pressure (4-7). Anatomical studies have shown 
that the splenic pulp communicates directly with 
the portal venous system (8). Similarly, radio- 
paque material injected into the splenic pulp is 
rapidly transported through the portal circula- 
tion within seconds following its instillation. Be- 
cause of this direct communication, intrasplenic 
pulp pressure is a direct reflection of portal venous 
pressure. The latter has been confirmed by ani- 
mal studies (4), at surgery in humans, by direct 
needling of the portal triads during liver biopsy 
and by hepatic vein wedge pressure catheteriza- 
tion studies (9). 

The interrelationship of the splenic and portal 
circulations suggested that portal circulation time 
might be measured by injection of a tracer ma- 
terial into the spleen and observation of its course 


through the portal system. In addition, measure- 


1 Supported in part by grants from the United States 
Public Health Service, National Heart Institute (H-2637), 
the Massachusetts Heart Association, and the Howard 
Hughes Medical Institute, Miami, Fla. 

2 Presented at the National Meeting, American Federa- 


tion for Clinical Research, Atlantic City, N. J., April, 
1957. 


ment of blood flow through the hepatic vascular 
bed might be calculated by application of the 
Stewart-Hamilton indicator dilution method (10). 
This method is based on the hydraulic principle 
that the flow within a moving stream may be 
determined by its ability to dilute a known amount 
of indicator measured with respect to time. 

The requirements for application of the indi- 
cator dilution method to the portal circulatory sys- 
tem in man would appear to be: 

1. It must be possible to inject a known amount 
of indicator substance which then remains entirely 
within the vascular system. 

2. Once injected, all of the indicator must 
traverse the liver, i.e., there must be no shunt of 
injected indicator prior to the intrahepatic circu- 
lation. 

3. The indicator must mix with the dual 
blood supply of the liver prior to the site of final 
sampling. 

4. It must be possible to carry out uniform 
continuous or rapid intermittent sampling of the 
flow of blood as it exits from the area of complete 
mixing through to the first recirculation. 

It will be the purpose of this report to demon- 
strate that under certain conditions these above- 
mentioned requirements may be met and, there- 
fore, blood flow and circulation times through 
the liver may be measured by a dilution technique. 


MATERIAL AND METHODS 


Studies were carried out in 43 subjects: 14 were nor- 
mal, 16 had varying degrees of cirrhosis, 9 had acute 
hepatitis and 4 had hemolytic anemia. Intrasplenic 
puncture with injection of radioactive iodinated serum al- 
bumin was carried out in all subjects; direct recording 
of isotope dilution within the liver via an externally 
placed scintillation probe counter was performed in 39; 
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INDICATOR DILUTION MEASUREMENT OF HEPATIC BLOOD FLOW 


continuous sampling of isotope dilution in hepatic venous 
blood was measured in 13; and residual splenic area 
radioactivity checked in 12 patients by a counter placed 
over the left upper quadrant. 

Venous catheterization was performed in the usual 
manner. It was generally preferable to use a vein of 
the right arm to permit easier access to the site of the 
splenic puncture. As large a catheter as was tolerated 
was inserted (usually No. 8F) and advanced deep into a 
hepatic vein. Almost invariably, a branch of the right, 
and only rarely of the left, hepatic vein was successfully 
entered. Hence our observations were confined to 
sampling from the right hepatic lobe. A brachial artery 
was then cannulated with a No. 18 thin-wall indwelling 
Riley needle. 

After hepatic venous and systemic arterial blood sam- 
ples were drawn as blanks for subsequent indicator stud- 
ies, splenic puncture was carried out. With the patient 
in the recumbent position, the site of maximum splenic 
dullness is percussed in the left mid- and posterior axil- 
lary lines. The posterior axillary line in the ninth or 
tenth intercostal space has been the most successful site 
for injection even in cases with splenomegaly. 

The skin, subcutaneous tissues and parietal peritoneum 
are anesthetized with 1 per cent procaine using a 2 inch 
No. 26 needle. Next, a 3 inch No. 22 flexible spinal 
needle is passed perpendicularly into the splenic pulp. 
Prior to injection blood should be aspirated from the 
needle. When the needle was located in the splenic pulp 
and blood had been withdrawn, the entrance (procaine) 
syringe was disconnected and a tuberculin syringe contain- 
ing 1 ml. (15 to 30 wc.) of radioactive iodinated serum 
albumin attached in its place. At a given signal, the 
small volume of indicator was rapidly injected (within 
one second) and sampling from the hepatic system 
begun. 

Two techniques of indicator sampling have been em- 
ployed to measure liver blood flow: 

1. Continuous withdrawal of hepatic venous blood. 
Blood from the hepatic venous catheter was led past a 
lead-shielded scintillation probe via polyethylene tubing. 
The probe was connected in series to a decade scaler and 
a count rate computer.5 Withdrawal of blood from the 


3 All patients to be studied should have normal pro- 
thrombin times, platelet counts and absence of other ab- 
normal bleeding tendencies. Infrequently, some degree 
of discomfort may be experienced particularly in anxious 
patients who are unable to cooperate well. We have 
seldom used any prior medication, but have used analgesia 
as needed. Almost all of our 200 patients were essentially 
asymptomatic within an hour after the procedure except 
for some localized discomfort. In two patients there were 
signs of mild peritoneal irritation which persisted for 24 
to 48 hours. 

4 The initial studies were done using intermittent sam- 
pling via a multiple syringe manifold, but this was 
abandoned in favor of continuous sampling. 

5 Beckman Instruments, Berkeley, Cal. The computer 
is a two-channel device which stores counts at prede- 
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SIMULTANEOUS CoNTINUOUSLY RECORDED Su- 
Hepatic Venous Isotope DILuTIon 


Fic. 1. 
PRAHEPATIC AND 
CurRvVES 

Two seconds after injection RISA® “appears” by sur- 
face counting as the material enters the liver and 15 sec- 
onds later at the end of the catheter placed in the hepatic 
vein. 


distal end of the tubing was begun prior to actual in- 
jection of the radioactive indicator and maintained at a 
steady rate by manual traction during study. Because 
of the inherent resistance within the catheter, it was 
relatively easy to maintain a steady rate of flow. The 
rate of flow in ml. per second was timed carefully by 
another observer (average, 0.6 ml. per second). The 
change in concentration of radioactivity as a function of 
time during the primary circulation was recorded on a 
semilogarithmic graphic ammeter® which received the 
count rate computer output (11) (Figure 1). The final 
10 minute equilibrium of circulating isotope was measured 
in the direct recording system and then a 1 ml. blood 
sample counted directly in a well counter. 

2. External suprahepatic surface counting. A 1 inch 
scintillation probe counter with a 2.5 inch collimation was 
placed over the right anterior costal margin at about the 
midclavicular line and angled slightly laterally to view a 
portion of the right lobe of the liver. This probe was sim- 
ilarly wired to a decade scaler and count rate computer ® 
with counts registered directly on a semilogarithmic 
graphic recorder. Background counts per minute were 
recorded over the liver. Following splenic injection, a 
curve of dilution was inscribed (Figure 1). The probe 
was left exactly in the same place over the liver; final 
dilution of isotope was measured at 10 minutes in the 
same vascular pool sampled by the probe during dilution. 
Finally radioactivity was measured over the subapical re- 


termined rates and can respond as often as every second 
(11). 

6 Esterline Angus Co., Indianapolis, Ind., or Varian 
(G-11 Recorder), Palo’ Alto, Cal. 








1850 


gion of the right chest 7; this value was subtracted from 
the final dilution to correct for isotope equilibrated in 
nonhepatic vascular tissues (skin, bone, muscle and so 
forth) but “seen” by the counter after body equilibra- 
tion. 

Fractional two second sampling was performed from 
the brachial artery at the same time as hepatic venous 
sampling. Immediately after the flow, hepatic vein and 
systemic arterial samples were drawn for gasometric 
analysis. Blood was drawn at 10 minutes as a measure 
of final indicator dilution to calculate blood volume ob- 
tained following intrasplenic injection. A blood volume 
was also measured following a separate intravenous in- 
jection of iodinated serum albumin before the hepatic 
flow study was carried out. Usually the indicator was 
injected via the catheter in the hepatic vein and fraction 
collection carried out from the brachial artery in order 
to measure hepatic-systemic arterial circulation time and 
cardiac output, as well as blood volume. Radioactive 
blood samples were analyzed in a well counter and the 
values recorded as counts per minute (cpm) per ml. 

Liver blood flow was also estimated by the bromsul- 
falein method (12) in six patients. 

In four patients undergoing splenectomy, intrasplenic 
sequestration of indicator was tested by direct examina- 
tion of the spleen following its removal. Immediately 
prior to surgical removal of the spleen, 1 ml. containing 
50 wc. of radioactive iodinated serum albumin was in- 
jected directly into the splenic pulp. The splenic vein 
was clamped within 5 to 45 seconds after this injection. 
The excised spleen was then assayed for radioactivity and 
compared to a known standard containing an amount of 
radioactivity equivalent to that injected into the spleen. 


OBSERVATIONS 


1. Special studies relating to applicability of 
the indicator dilution principle 


A. Determination of volume of indicator in- 
jectate. 1. Splenic removal. When successful 
injection was performed as indicated by the fact 
that splenic pulp blood could be withdrawn both 
before and after injection, there was a rise in 
suprasplenic radioactivity followed by an im- 
mediate fall to levels of between 5 and 10 per 
cent of the total dose. This was corroborated by 
the findings in four patients in whom the splenic 
vein was clamped following injection into the 


7 The counter probe “sees” isotopes in other nonhepatic 
tissue as well as in liver. Ideal control for nonhepatic 
background would best be obtained from the same area 
over the left costal margin. This was not practical be- 
cause of possible radiation from the site of splenic injec- 
tion. It was found empirically, however, that.the right 


anterior subapical region of the chest had a radioactivity 
similar to the left costal margin. 
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TABLE I 


Intrasplenic radioactive residue as measured in the isolated 
spleen following injection and venous ligation 











Time of ligation % Activity/ 
after injection total dose 
Case of RISA®* given 
no. sec. 

1 5.5 12 

2 10 10 

3 10.5 10 

4 45 3 





* Radioactive iodinated serum albumin (Abbot Labora- 
tories). 


pulp at laparotomy. The 10 to 12 per cent splenic 
residuum at 10 seconds may have been due to 
reduced splanchnic flow occurring during sur- 
gery (Table I). That the tracer bolus left the 
spleen immediately and uniformly was demon- 
strated by its arrival at the liver in less than two 
seconds and the initial steep descent of the pri- 
mary dilution curve. In approximately 20 per 
cent of the patierts part of the injection was 
either extrasplenic or apparently did not leave 
the splenic pulp. This was demonstrated by 
residual radioactivity recorded over the splenic 
quadrant (Figure 2). This radioactivity re- 
mained static for hours following injection, with 
no migration into the vascular system, suggesting 
extrasplenic nonvascular injection. 
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Fic. 2. SuPRASPLENIC ACTIVITY FOLLOWING Poor INTRA- 
SPLENIC INJECTION 

The probe was placed over the splenic area. Note that 
there was a high level of radioactivity over the spleen, 
due initially to the albumin-containing syringe. When, 
however, this was removed, radioactivity persisted over 
the splenic area as long as recorded (in this case, up to 
90 seconds). 
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Nevertheless, a satisfactory hepatic dilution 
curve could still be written from that amount of 
injected material which did leave the splenic pulp 
unless the curve was too flat in relation to the 
gain in activity of the final dilution sample (Fig- 
ure 3). 

2. Calculation of total effective splenic intra- 
vascular injection, Because of the frequent prob- 
lem of partial extrasplenic loss, or subcapsular 
sequestration of indicator, it was necessary to de- 
termine “total effective intravascular injection.” 
As described elsewhere (11, 13), equilibration 
dilution of isotope 10 minutes following intra- 
splenic injection was determined graphically in 
cpm per ml. for each direct recording system and 
after appropriate background correction, multi- 
plied by a whole blood volume determined at 
another time. This figure gave the effective intra- 
vascular injectate as “seen” by each counting sys- 
tem (11, 13). The measurement of whole blood 
volume was determined by standard techniques 
wherein an accurate dose of indicator could be 
delivered intravenously and its dilution measured 
at the end of 10 minutes. 

The accuracy of this method depends first upon 
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Fic. 3. Hepatic Ditution Curve FOLLOWING Poor 
INTRASPLENIC INJECTION 
On the upper graph is seen trailing of indicator giving 
two rising peaks to the curve. 
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the accuracy of the determination of two blood 
volumes and, secondly, on the nature of the left 
upper quadrant, presumably nonvascular extra- 
splenic radioactivity. The error for a single 
blood volume is + 5.4 per cent due to blood vol- 
ume determination alone. Similarly, the error 
in the graphic recording of cpm per ml. is esti- 
mated to be of the order of + 5 per cent. There- 
fore, the total probable error due to radioactive 
mensuration is about + 8 per cent. 

Delayed entry of isotope (trailing in the curve) 
resulted only from a slow, uneven injection into 
the spleen. Any level of radioactivity which could 
be counted over the left upper quadrant after in- 
jection appeared stable without decline for hours 
(Figures 2 and 3). The method of calculation of 
dose from previously determined blood volume (11, 
13) obviated not only errors of total intrasplenic 
injection but also errors in manipulation of the 
syringe and needle at the site of splenic puncture. 

3. Lack of hepatic removal of indicator sub- 
stance. a. With technically successful intra- 
splenic injection of indicator, blood volume calcu- 
lated from total intrasplenic injectate equalled 
that obtained using intravenous injection. From 
this it would appear that if the liver removes any 
serum albumin following intrasplenic injection, it 
is essentially equal to that removed following 
intravenous injection, and this has recently been 
shown to be negligible (14). 6. Suprahepatic 
scintillation counting curves showed a contour 
and regression slope similar to that of the posthe- 
patic dilution curves (Figure 1). It would seem 
unlikely that the posthepatic curve would be 
similar to the suprahepatic curve if the liver se- 
questered indicator material. 

B. Prehepatic shunts prior to sinusoidal dilu- 
tion. In two of the patients with cirrhosis and 
varices, radioactive iodinated serum albumin was 
found to arrive prematurely in the brachial artery 
(Table V). As this did not always occur, other 
clinical evidence for varices served as warning 
that all of the indicator might not traverse the 
liver, and hepatic flows so estimated would be 
falsely high. 

C. Sampling of blood stream beyond the site 
of complete mixing. That complete mixing of 
the indicator takes place before or soon after 
entering the hepatic circulation was demonstrated 
by the fact that suprahepatic counting (repre- 











S. REICHMAN, W. D. DAVIS, J. P. STORAASLI, AND R. GORLIN 


SUPRA HEPATIC BLOOD FLOW 
(LOG. SCALE ) 
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The phrase “suprahepatic” refers to the site of pickup of radiation. 
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Fic. 5. CaLcuLaTion oF Hepatic Bioop FLow 
Bkg., background counts; F.D., final 10 minute dilution; B.V., whole blood 
volume determined independently of the hepatic flow (HBF); A, area under 
curve measured planimetrically ; B, area under curve measured from a stand- 
ard regression formula (11) ; Cs, arbitrary isotope concentration from which 
halftime, ti4, is measured on a semilogarithmic plot. 
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TABLE II 
Repeated hepatic blood flow in the same patient * 











L./min.{/M2 L./min.{/M2 
Jer. 0.59 0.66 
Leo 0.86 0.92 
Cum. 0.80 0.80 
Cap. 0.62 0.62 
Dal. 0.72 0.78 





*Second flow measured after isotope equilibration of 
first flow measured at eight minutes. 


senting intrahepatic circulation) and the hepatic 
venous sampling (representing posthepatic circu- 
lation) methods yielded essentially the same values 
for hepatic blood flow (Table III). Statistical 
analysis (15) as applied to these two methods 
indicates no significant difference in the variance 
between the two groups as opposed to variance 
within the groups, implying that the samples are 
homogeneous and the results of the two methods 
of measurement do not differ. 

D. Uniform sampling of hepatic venous blood. 
Uniformity in sampling techniques was demon- 
strated first by the reproducibility of consecutive 
determinations of hepatic blood flow in five pa- 
tients (Table II) and second, by the comparison 
vf flows determined by three separate simultane- 
ous methods (Table IV and Figure 4). 


2. Calculations 


A typical calculation of hepatic flow foilowing 
hepatic venous sampling is shown in Figure 5. 
In brief, injectate is derived as the product of 


TABLE III 
Hepatic blood flow as measured by two dilution methods 











Supra- Hepatic 
hepatic venous 
L./min./M2 L./min./M2 

Leo 0.86 0.99 
Cum 0.80 0.89 
Cap 0.62 0.42 
Ben 0.70 0.75 
San 0.72 0.77 
Gar 0.71 0.86 
Ril 0.49 0.64 
Cru 0.57 0.44 
Bra 0.82 0.85 
Col 0.67 0.81 
But 0.65 0.68 
McC 0.60 0.65 
Whi 0.69 0.69 
Average 0.72 0.77 
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TABLE IV 


Comparison of hepatic blood flow as measured by 
dilution and bromsulfalein methods 











Supra- Hepatic Brom- 
hepatic venous sulfalein 
L./min./M2 L./min.{M 2 L./min.{M2 

Cum 0.80 0.89 0.99 
San 0.72 0.77 0.68 
Num 0.57 0.58 
Cru 0.57 0.44 0.67 
Whi 0.69 0.69 0.66 
Cri 0.60 0.80 





blood volume times 10 minute dilution minus 
background. The counts along the primary 
curve of dilution minus the background are 
plotted against time; the curve is drawn and its 
area determined by any standard mathematical 
method. The method presented in Figure 5 is 
taken from MacIntyre, Pritchard, Eckstein and 
Friedell (11). 

When the suprahepatic counting method is 
used the calculation is essentially similar except 
that the isotope dilution recorded over the right 
subapical region after 10 minutes is subtracted 
from the final dilution recorded over the liver at 
10 minutes. In this manner, nonhepatic vascu- 
lar isotope counts are eliminated in estimation of 
final dilution of injectate in the hepatic vascular 
pool (Figure 4). 
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Note that only in the patients with severe liver disease 

and varices was there a marked diminution in blood flow. 





S. REICHMAN, W. D. 





TABLE V 
Spleno-portal circulation times 











Hepatic 
Liver to vein to 
Spleen hepatic brachial 
to liver vein artery 
Sé€C. Sec. Sec. 
Normal (6) 
Average 24 9.9 17.8 
Range 1.5-4 4,5-13 13-21 
Cirrhosis (4) 
Average 2.4 14.2 12.4 
Range 1-4 8-18 9-15 
Cirrhosis with 
varices (3) 
Average 2.8 6.6 9.6 
Range 2.5-3 5-10 2-12* 





* In two patients isotope appeared at the brachial artery 
almost simultaneously with arrival at the liver, indicating 
a large prehepatic shunt was present. 


3. Resuits 


Results in 15 patients are shown in Tables II 
through IV. Blood flow as determined by the 
hepatic venous method yielded a value of 0.77 L. 
per minute per M.’, as compared to an average 
suprahepatic blood flow of 0.72 L. per minute 
per M.?. Probable error is estimated at +8 per 
cent. A simultaneous liver blood flow by the 
bromsulfalein method averaged 0.72 L. per M.? 
in six studies. A comparison of the three meth- 
ods is shown in Figure 4. 

In Figure 6 is shown a comparison of hepatic 
blood flows in normal patients and in patients 
with acute hepatitis, cirrhosis and cirrhosis with 
prehepatic shunts. There was no apparent change 
in blood flow except for a decrease in those with 
cirrhosis and varices. 

Observations of regional circulation times are 
presented in Table V. Intrahepatic transit time 
appeared to be decreased in patients with severe 
cirrhosis and varices. Likewise, isotope arrived 
prematurely at a systemic artery relative to ap- 
pearances at the hepatic vein. 


DISCUSSION 


In 1945 Bradley, Ingelfinger, Bradley and 
Curry (12) presented the first practical method 
of estimating hepatic blood flow in man utilizing 
the principle of bromsulfalein (BSP) removal 
by the liver. This particular method, while in- 


genious and a source of much valuable informa- 








DAVIS, J. P. STORAASLI, AND R. GORLIN 


tion, was limited by the fact that only an average 
rate of flow over a 40 to 60 minute period could 
be determined, and by the fact that in the pres- 
ence of parenchymal liver disease BSP extrac- 
tion may be impaired, thus decreasing the reli- 
ability of the studies. Similar objections hold 
true for the urea method reported by Myers (16). 
Hepatic vein catheterization is required for both 
of these techniques. 

The use of tracer substances in the study of the 
portal circulation has recently been reported by 
Wheeler, Combes, Childs and Wade (17) and 
Tornvall and Odeblad (18). Tagged material was 
injected into the aorta and sampling from the he- 
patic vein carried out. These measurements, how- 
ever, revealed only hepatic circulation times and 
not hepatic blood flow and were complicated by the 
dual supply of blood to the liver. The use of col- 
loidal chromic phosphate and radiogold has also 
been described and is dependent upon the com- 
plete extraction of material in one circula- 
tion, presumably by the hepatic reticuloendothe- 
lial cells (19, 20). Finally, Egeli has described 
a portal circulation time from spleen to tongue 
following intrasplenic injection of decholin and 
calcium (21). 

Evidence that the indicator dilution principle 
might be adapted to the splenoportal circulation 
was initially deduced from studies with Evans 
T-1824 dye. Following its intrasplenic injection, 
spectrophotometric analysis of multiple hepatic 
vein samples indicated that a characteristic dilution 
curve could be obtained. However, this dye 
could not be recovered completely, presumably 
due to loss from partial extrasplenic injection 
and into hepatic tissues [incomplete albumin 
binding due to high concentration in the portal 
circulation (22)]|. Accordingly, radioactive iodi- 
nated serum albumin was employed and an at- 
tempt made to satisfy the four criteria for ap- 
plication of the indicator dilution principle. 

It was found that radioactive iodinated serum 
albumin left the spleen rapidly and _ passed 
through the liver without significant removal. In 
cirrhotic patients with prehepatic shunts, part of 
the injectate probably never entered the liver, 
and flows so recorded were undoubtedly falsely 
high or represented total splanchnic flow if mix- 
ing had occurred in the venous system. This 
may explain the statistically insignificant dif- 
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ference in flows between normals and cirrhotics. 
Recognition of this possibility depended on clini- 
cal evidence of varices and premature arrival of 
isotope at the systemic artery whenever this 
occurred. 

Good mixing of indicator with all sources of 
hepatic blood and uniform sampling of the exit 
stream of blood was demonstrated by compara- 
bility of duplicate flows and of flow recorded by 
both suprahepatic and posthepatic techniques as 
well as by the bromsulfalein method. 

No adequate studies could be performed to 
compare flows recorded from right and left lobes 
because of the difficulty in catheterizing the left 
hepatic vein in man. That flow is evenly dis- 
tributed is suggested by: 1) the bilobular flow of 
diodrast during splenoportography; 2) the stud- 
ies of Cole, Krohmer, Bonte and Schatten which 
showed equal radioactivity over both lobes of the 
dog’s liver no matter what preportal injection 
site was chosen (23); and 3) the similarity of 
flows derived from right hepatic vein sampling 
and that from externally recorded hepatic vascular 
pool. 

The theoretical range of error of any deter- 
mination was judged to be + 8 per cent. Nor- 
mal values averaged 0.7 L. per minute per M.?, 
a figure approximately 20 to 25 per cent of the 
average resting cardiac output. The likelihood 
of successfully determining hepatic flow in any 
given patient was approximately 75 per cent. 

It must be emphasized that injectate “seen’’ by 
the counter is calculated from the product’ of a 
predetermined blood volume (11) and the radio- 
activity in cpm per minute per ml. in the vascu- 
lar pool seen by the counter at equilibration. 
This means that the splenic injectate does not 
have to be accurately measured and that extra- 
splenic loss or intrasplenic sequestration will not 
necessarily vitiate a given flow measurement. 
When too much of the dose is injected outside 
the spleen, however, a flat curve may result with 
an inadequate rise in final dilution over the back- 
ground count. With slow uneven injections 
trailing of isotope could also disturb the pattern 
and reliability of the curve (Figure 3). Finally, 
unsteady sampling could distort the shape of the 
hepatic venous curve. When any of these tech- 
nical errors occurred the curves were not con- 
sidered suitable for analysis. 
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The comparison of suprahepatic and hepatic 
venous techniques appears to establish the reli- 
ability of an external counting method for deter- 
mination of hepatic blood flow. In institutions 
where venous catherization is not available, the 
external or suprahepatic method may be used in 
conjunction with intrasplenic pressure measure- 
ments for physiological studies of the portal circu- 
lation. Advantages of the method are that flow 
may be determined within the space of 1 minute, 
that the method is relatively innocuous, and that 
three to four measurements of flow may be de- 
termined on a given day with as little time as 
10 minutes between each measurement. Be- 
cause of the rapidity of the determination, this 
technique is suited for study of changing physiol- 
ogic states such as alterations in posture, after 
exercise, food and the administration of drugs. 

In severe cirrhosis, despite the probable shunt- 
ing of some isotope past the liver, calculated 
blood flow was decreased. Changes were ob- 
served not only in blood flow but also in circu- 
lation times between given regions of the spleno- 
portal hepatic circulation. For example in 
severe cirrhosis, intrahepatic transit time was 
diminished and in two individuals an hepatic 
vascular bypass could be detected. Such studies 
may be of value in the understanding of portal 
vein thrombosis, and the nature of the intrahe- 
patic vascular abnormalities which occur in cir- 
rhosis. 


SUMMARY 


A new technique for determining portal circu- 
lation times and hepatic blood flow is outlined. 
This method consists of measurement of the pas- 
sage and dilution of radioactive iodinated serum 
albumin through the liver to the periphery fol- 
lowing its intrasplenic injection. This pathway 
can be timed and followed by a scintillation 
counter placed externally over the liver and/or 
by scintillation well counting of blocd collected 
continuously from the hepatic vein and the 
brachial artery. 

Liver blood flow can be measured by applica- 
tion of the Stewart-Hamilton principle to either 
the hepatic vein or surface recorded radioactive 
dilution curve. The technique was shown to 
satisfy the basic requirements of an indicator 
dilution method except when applied to patients 
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with prehepatic shunts. Methods for calibrating 
the total volume of effective intrasplenic injectate 
based on predetermined blood volume are pre- 
sented. 

The. method was shown to be. reproducible in 
5 patients; similar hepatic flow values were ob- 
tained by both hepatic venous and surface scintil- 
lation counting techniques in 13 patients and 
compared well with ‘the bromsulfalein method in 
6 patients. Hepatic blood flow averaged 0.7 
L. per minute per M.? at rest in normal individuals. 
Normal spleen to liver arrival circulation time 
averaged 2.1 seconds; intrahepatic circulation 
time averaged 9.9 seconds. 
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and urinary excretion after amino 
acid, 1623 
Allergy 
wer A antituberculosis vaccines, 939* 
and diphtheria antitoxin, 907 
Allicin, Ferd sulfhydryl compounds, 


Aluminum powder breathing, 1750, 
1752 
Alveolus 


carbon dioxide tension 
sleep, 982-984 


during 





diffusing capacity, 394-407 
of helium and nitrogen, 567-573 
in lung disease, 591-604 
nitrogen clearance, 569, 570 
and oxygen breathing, 306-313 
in pulmonary edema, 114-116 
American Society for Clinical In- 
vestigation 
proceedings of fiftieth 
meeting, 872, 873 
papers presented, 874*-945* 
Amino acids 
See also under specific names 
plasma 
and dietary protein uptake, 1712- 
1717 


annual 


in sprue, 21-26 
in protein synthesis, 943* 
fetal, transfer from mother, 1094 
and insulin, 906* 
in uremia, 890* 
and urinary excretion, 1615-1626 
of glucuronic acid, 1125 
nondialyzable solids, 318, 320 
a-Amino-n-butyric acid 
muscle penetration, 906* 
plasma concentration, 1714 
o-Aminopheny] glucosiduronic acid, 
formation in jaundice, 1124, 
1125 
Aminophyllin 
compliance and resistance changes 
after, 114 
in emphysema, and cardiac output, 
884* 


and water excretion, in adrenal and 
pituitary insufficiency, 1799- 
1808 


Ammonium 
bicarbonate, 1725-1727 
blood concentration. See Blood, 
ammonium concentration 
blood-brain-barrier passage and 
blood pH, 1724-1728 
chloride, 1725-1727 
ammonium excretion after, 1617- 
1626 


and carbon dioxide tension, 643 

in diabetes, 1679 

— excretion after, 297- 
00 


potentiation of mercurials, 1021 
excretion, 1617-1626 
and acetazolamide, 929* 
after amino acid, 1624-1626 
after calcium gluconate, 298, 299 
after carbon dioxide breathing, 
1669-1672 
after neomycin, 893* 
and renal enzymatic adaptation, 
1615-1626 
in respiratory acidosis, 883* 
and spirolactone, 917* 
and uric acid stones, 901* 
hydroxide, 1726, 1727 
metabolism, 910* 
in hepatic disease, 414-423 
sulfate fractionation of plasma, 151 
toxicity of salts of, 497-501 
Amylase 
blood concentration and carbohy- 
drate utilization, 889* 


| 
| 
3 
: 











H 
H 
4 
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Amyloidosis 
amyloid composition, 882*, 883* 
antibody, globulin, and hexosamine 
in, 
serum and seromucoid hexosamines, 
’ 
Anasarca 
in nephrotic children, 183 
and thiamine deficiency, 1480 
Anastomosis 
in mitral stenosis and hexame- 
thonium, 200 
portacaval 
es hemodynamics in, 608, 


and spider angiomata. 617 
A‘-Androstene-3,17-dione 
absorbance in sulfuric acid, 1343 
A‘-Androstene-11f-ol-3,17-dione 
and steroid formation, 1535 
Androsterone 
and corticosterone binding, 514, 517 
production of, 905* 
in hirsutism, 795-798 
Anemia 
aplastic, and chloramphenicol tox- 
icity, 1286-1292 
blood transfusions for, 77-81 
Cooley’s, 936* 
formiminoglutamic acid excretion 
830, 915* 
theese: 883*, 936* 
and erythrocyte glucose-6-phos- 
phate, 1176-1183 
and hyperkalemia, 701 
mucoprotein fractions in, 129 
Laie gaia drug-induced, 


hypochromic and hemorrhagic dia- 
thesis, 81 
hypoplastic, 936* 
hyporegenerative, 896* 
iron deficiency, 129, 216, 833-835 
macrocytic, of pregnancy, 915* 
megaloblastic, 896*, 915* 
folic acid deficiency, 916*, 917* 
pernicious, 129, 916, 917*, 936* 
pernicious, 129, 916*, 917*, 936* 
bone marrow, in vitro studies, 
166-171 
sickle cell, cardiopulmonary altera- 
tion, 486-494 
in uremia, 918* 


urobilinogen and_mesobilifuscin 
ratio in, 896* 
Anesthesia 


antidiuretic effect, 875* 
and cardiac output, 899* 
and cerebral blood flow, 285-292 
pressure responses to stimuli, 
763-770 


and glomerular filtration in kidney 
transplant, 187, 188, 192 

and hypotension, 289-292 

and lactic acid concentrations, 901* 

and muscle metabolism, 901* 

and postoperative sodium excre- 
tion, 1629 

Angina pectoris, and coronary circu- 

lation, 898* 

spider, and portacaval anastomo- 
sis, 61 
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Anorexia, and isopropyl methyl 
phosphonofluoridate (sarin), 
353, 354 
smenee —y spinal anesthesia, 
Antibiotics 
See also specific antibiotics 
in necrosis and uremia, 908* 
resistance to prophylactic, 897* 
Antibody 
in amyloidosis, 846-857 
and antigen, 854, 855, 1220 
and biological properties of reagin, 
907* 


and endotoxin uptake, 455-457 
a destruction by, 1202- 


and insulin, 783-785, 895* 
precipitable to bovine plasma al- 


bumin, 896* 
in pregnancy, 1757-1759 
production, 892* 


and delayed skin reactivity, 938* 

transplacental exchange of, 895* 
serum, 455-457, 854-857 
streptokinase, assay for, 1314, 1315 

Antigen 

in amyloidosis, 849, 850, 854, 855 
in erythrocyte sequestration, 1220 
leukocyte 

heredity factors, 908*, 1758-1762 
nonbacterial, and fever, 894* 
amees oo. rates of, 1306— 


3 
Antihemophilic factor, 1323-1330 
and thromboplastin antecedent de- 
ficiency, 148, 151 
Antithrombin, 1323-1330 
and heparin cofactor, 1328, 1329 
Antitoxin, diphtheria 
in allergy, 907* 
in synovial fluid, 711 
Aorta 
acid mucopolysaccharide content, 


atherosclerosis, 162, 163 
coarctation, 882*, 900* 
platelet count and hypothermia, 


pressure in, 471-475 
and = atrial pulse pressure, 35- 


and tetraethylammonium, after nor- 
epinephrine, 484 
Aortic valve 
insufficiency, 471-475 
and mitral regurgitation, 38 
stenosis, circulatory dynamics of, 
944* 


Arabinose, and insulin, 732, 824 
Arachidonic acid, 1155 
Arginine 
intake, and plasma concentration, 
1712-1714, 1717 
renal — to, 318, 320, 458- 


Arterenol. See Norepinephrine 
Arteriosclerosis 
cerebral, 288, 1238 
and degenerative joint disease, 392 
and hypertension, 1688-1692 
gouty, 909* 
and a. polysaccharides, 962- 
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rheumatoid 
gamma globulin factor, 913* 
rheumatoid factor in, 939* 
seromucoid galactosamine-glu- 
cosamine ratio, 53 
synovial fluid, hyaluronate con- 
centration, 63 
Ascites 
ammonia concentration in, 991-997 
and nitrogen ratios, 416-418 
in nephrotic children, 183 
and serum albumin, 925* 
tumor, and ribose excretion, 1458, 
1459 


Asian influenza, properdin concen- 
tration in, 877* 
Asparagine, and ammonium excre- 
tion, 1618 
Aspartic acid 
intake, and plasma concentration, 
1712-1717 
urinary excretion, 318, 320 
after ammonium chloride, 1619 
Asthma 
and pulmonary diffusion, 598, 601 
in obesity, 1054 
Atherosclerosis 
of Buerger’s disease, 941*, 942* 
lesions, localization, 161-165 
plaques, cholesterol esters and 
fatty acids in, 1153-1164 
Atrium 
pressure 
and acetylcholine, 105 
and mitral stenosis, 38, 39 
and norepinephrine, 37-39 
septal defect, in left-to-right shunt, 
Atropine 
and isopropyl ..ethyl phosphono- 
ia (sarin), 355, 356, 


pressure effects, 482-484 
and norepinephrine, 476 
Autotransplantation. See Trans- 
plant 
Azotemia 
and amyloidosis, 855 
and a toxicity, 1289- 
2 


edematous, seromucoid hexosa- 
mines, 54 

prerenal, and blood ammonia, 996 

in pyelonephritis, and hyperten- 
sion, 930* 

and = calcium, ultrafiltrable, 


B 
— _ cortisol binding, 520- 


Barbiturate 
anesthetic effects, 1432 
and cerebral hemodynamics, 286 
and thiamine deficiency, 1480 
Bacteriuria, asymptomatic, in preg- 
nancy * 
Benzoic acid, * albumin binding, 711, 
715, 716 
Bicarbonate 
and blood coagulation, 75, 76 
concentration, 929*, 1238-1242 
and alkalosis, 252, 1021 
cerebral, 1118-1121 
in tubular fluid, 748-750 
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Bicarbonate (cont'd) 
and electrolyte excretion, 297-300 
excretion 
and acetazolamide, 745-748, 929* 
and —_ dehydrogenase system, 


and mercurial diuresis, role of pH 
in, 1020-1022 

plasma concentration. See Plasma, 
concentration 

and purine compounds, 944* 

reabsorption, 929*, 930 

and carbonic anhydrase, 744-750 

in respiratory acidosis, 929*, 930*, 

1118-1121 


serum concentration. See Serum, 
bicarbonate 
toxicity, 497-501 
Bile 
bilirubin, sulfate conjugate, 904* 
components, in jaundice, 1124-1129 
excretion 
after calcium, in gargoylism, 
141-143 
and glutathione reductase, 217 
and hepatic storage, 942* 
hemoglobin conversion to pigment, 
887* 


obstruction and hepatocellular dis- 
ease, 884* 
Bilirubin 
excretion in jaundice, 1124-1129 
—- formation, 338, 875*, 


congenital defect in, 1123-1129 
and uridine-diphosphate-glucu- 
ronic acid, 334 
—- conversion mechanism, 
* 


and isopropyl methyl phosphono- 
fluoridate (sarin), 362 
and liver function, 904*, 991 
neonatal, 335 
serum. See Serum, bilirubin 
spinal fluid-serum ratio, 1403-1411 
in Wernicke’s encephalopathy, 1479 
Blood 
ammonia concentration, 422, 933%, 
934*, 990-997 
after blood and casein ingestion, 
990-997 
and cerebrospinal fluid, 933%, 
934* 


in liver disease, 417-419, 992, 997 
and nitrogen ratio, 417-423 
and prerenal azotemia, 996 
and toxicity, 498-501 
amylase concentration, 889* 


arterial 
composition, 250, 1694-1696 
gases, 101-105, 488-494, 1053, 
1381-13 


glucose, 525-528, 632-639 
ketones, 1381-1390 
pressure, 286-292 
arteriovenous ammonia differences, 
417-423 
brain-barrier 
and albumin permeability, 1419, 
1422 


calcium clearance, 146 
carbon dioxide, 286-292, 894* 
catechols in renal insufficiency, 413 
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coagulation, 920*, 921* 
accelerator activity assays, 70-85 
defect in classical hemophilia, 

897* 


and fibrinolytic enzyme system, 
968, 1323-1330 

in glass, 911*, 920*, 923*, 924* 

grading of clots, factors for, 867 

and Hageman factor. See Hage- 
man factor 

and hyperkalemia, 699-707 

and isopropyl methyl phosphono- 

fluoridate (sarin), 362 
after methionine and/or vitamin 


and phosphatides, 1836-1847 
and plasmin, 866-870 
in silicone, 911*, 920* 
and sodium bicarbonate, 75, 76 
and streptokinase lysis, 905* 
in thromboplastin antecedent de- 
ficiency, 148-152 
electrolyte concentration, 756, 1632 
and aldosterone, 1551 
in respiratory acidosis, 883* 
endotoxin, persistence in, 448-450 
in shock, 1428 
and exercise. See Exercise 
fatty acids, nonesterified, in chylo- 
micron metabolism, 1333- 
1341 
— incompatibility, 1756- 


flow of brain and anesthesia, 286- 
292, 901* é 
flow in patent ductus arteriosus, 


es bE 
a 121-125, 754-757, 760, 
gas in high spinal anesthesia, 286- 
292 
in gastrointestinal tract, 417-421, 
996 


glucose concentration, 121-125, 
930*, 999-1014, 1381-1384, 
1389, 1390 

and anesthesia, 289-292, 901* 

and cortisol, 529 

in ari steroid-induced, 

and glycerol, 625 

and insulin, 632-639, 723, 789- 
792, 1385 

and isopropyl methyl phosphono- 
fluoridate (sarin), 362 

and protein intake, 1718 

and ao phosphate clearance, 

69-378, 891*, 892* 
ater ose infusion, 654, 724, 


and starvation, 118-126 
synthesis, 999-1014 
and tolbutamide, 627-630 
glutathione, 1436 
reductase activity, 216 
glycine concentration in sprue, 25 
groups, in antibody-erythrocyte de- 
struction study, 1202-1226 
17-hydroxycorticoid concentration 
after SU-4885, 912* 
ketone bodies, 119 
in diabetes, 1008, 1009, 1678, 1679 
—> 1384, 1385, 1389- 


lactate, 244-252, ae 265, 267, 289- 
2 2, 761, 9 
in heart i lag 1579, 1580 
and hexose, 757 
and pyruvate, in hypoxia, 244~ 
253 


lipids, 920* 
and dietary fats, 908* 
filtration and deposition, 1163, 
64 


loss, 232 
and antinatriuresis, 240, 241 
and lumen of jejunum, water ex- 
change, 1825, 1826 
malic acid, 121-125 
manganese movement from, 1270- 
1274 


oxygen. See Oxygen 
pH 
and ammonia transfer, 1724-1728 
and anesthesia, 286-292 
and cerebrospinal fluid, 933* 
in ae acidosis, 640-644, 
in pulmonary disease, 1169, 1174 
and respiration, 1693-1700 
in sleep, 981-989 
and toxicity, 498-501 
phosphate, 724, 731 
phosphocreatine, 901* 
placental, protein-bound iodine, 157 
platelet, phospholipid fractions, 
1836-1847 


pooling, in extremities, 41-49 
potassium concentration, 699, 702, 
706, 707, 910*, 1551 
pyruvate, 121-125, 248, 252, 257, 

265-267, 724, 731, 1579, 1580 
red cell mass in hypertension, 
426-429 


ribose disappearance from, 720- 

sodium concentration, 1551, 1632 

and clearance in joint disease, 
392 


storage 
and Component B. 974-989 
and inosine, 978, 980, 1485 
sugar in diabetes. See Diabetes 
temperature and _ arteriovenous 
— difference, 1035- 
0. 


transfusions, 151 
and chloramphenicol toxicity, 
1289-1292 
and leukoagglutinins, in preg- 
nancy, 1757-1759 
red cell destruction after, 887* 
urea nitrogen, 1551 
and calciferol, 892*, 893*, 1703 
in hypercalcemia, 1703, 1709 
and protein intake, 1718 
in renal disease, 89, 90, 809 
venous 
and aldosterone secretion, 232, 
240 


forearm, pressure-volume curves, 
2-49 


hepatic, 3-7, 210 
and hypothermia, 3-7, 44-46, 
48, 49 


oxygen, 101, 210, 246-249, 489- 
491, 542, 555 
portal, 3-7 














volume, 492-494, 1061-1069, 1693- 
1700 
and acetylcholine, 102-104, 107 


after albumin infusion and 
phlebotomy, 236, 237, 241 
forearm, 42-49, 4is, 958-961 
and levarterenol, 425-429 
in Valsalva maneuvers, 1467, 
1473 
Blood-brain-barrier, ammonia pas- 
sage across, 1724-1728 
Blood flow 
and acetylcholine, 99-108 
adrenal, after caval constriction, 


1789 

after dextran, 1786, 1787 
and aminophyllin, 884* 
and aortic pressure, 36 
and arterial ae, 1045, 1046, 
and atrial septal defect, 203, 207 
capillary, 525-528, 1061-1069 

and murine typhus toxin, 899* 
and carbon dioxide breathing, 894* 
cerebral, 421 

and anesthesia, 286-292, 763- 


770 

coronary, 884*, 921* 

and aortic insufficiency, 471-475 

in fibrillation, 877* 

and nitroglycerin, 898* 

sex differences, 927* 

in tachycardia, 1414-1417 
cutaneous, and thermal pain, 33 
dynamics, 934* 
fibrinolysin activator, in 

* 


aa 421, 838-845, 956- 
and temperature, 44, 1032, 1040- 
1048 
hepatic, 608, 609 


and cirrhosis, 925* 
and ketone metabolism, 
1387 


stress, 


1386, 


measurement, comparison of 
methods, 1848-1856 
and octanoate with glucose, 
0, 1381 
and oxytetracycline, 910* 
in hyperthyroidism, 938* 
and hypothermia, 1-7 
in hypoxia, 1080, 1081 
in mitral stenosis and hexametho- 
nium, 196-2 
myocardial, 877* 
peripheral, 884* 
failure due to 
cortisol metabolism, 
1798 
portal, 3-7 
pulmonary, 99-108, 935* 
collateral, 894*, 1071-1085 
and digital clubbing, 894*, 1072, 


after exercise, 205, 209, 1693- 
1700 


infection and 
1791- 


renal, 289-292 
and glomerular filtration rate, 
878* 


and traumatic shock, 387 
shunts, 210 
left-to-right, 202-212 
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peripheral arteriovenous, 493 
portacaval, 17 
splanchnic, and ambient tempera- 
tures, 936* 
spleno-portal transit times, 1850- 
1852 


and streptokinase clearance, 1314 

and thyroidal clearance, 387 

and venous congestion in limbs, 
46-49 


in ventricular septal defect, 203, 
207, 935* 


Blood pressure. See Pressure, 
arterial 
Body 
composition, 910* 
in cirrhosis of liver, and edema, 
687-697 


and serum sodium concentfation, 
1236-1254 
lactic dehydrogenase system and 
muscular work, 1588 
lean mass after jejunal perfusion, 


manganese, 1275, 1276 
pathway, in vivo, 1298 
potassium stores after 
1316-1321 


loading, 


size 
anc airway resistance, 1279-1285 
and hypertension after shunt, 
and nitrogen displacement by 
oxygen, 308 
and renal clearance, 
nancy, 1771 


See Water, body 


in preg- 
i ia 


Bon 
pe 1357-1360 
in gargoylism, 139-146 
and parathyroid, 95 
and desoxycorticosterone, 67 
in diabetes, alloxan, 1676-1685 
electrolytes, 67 
in acidosis, ag" 4 
in hypercalcemia, 95, 
marrow 
in chloramphenicol toxicity, 
1290-1292 
ae acid synthesis, 
—-171 
erythroid, and phlebotomy, 884* 
hematopoietic cells, 1564-1575 
homografts, after lethal radia- 
tion, 935* 
injury, and urinary aminolevu- 
linic acid, 936* 
megakaryocytes, and hypother- 
mia, 2, 5- 
in myelofibrosis, 580 
in pernicious anemia, 166-171 
mineral content, 1357-1360 
in respiratory acidosis, 1115- 
1117, 1121 
sodium concentration, 1678-1685 
after parathyroidectomy, 920* 
water content, 67, 1676-1684 
Brain 
albumin concentration, 
lar disease, 1233 
ammonium concentration, 414-423, 
933*, 991-997 
and blood pH, 1724-1728 
arteriosclerosis, 288, 1 


in vascu- 
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nicotene concentration, 1118- 
bilirubin crystals in jaundice, 1127 
blood flow and anesthesia, 285- 
292, 763-770 

cholinesterase activity, 351, 352 
chylomicron clearance in, 575-578 
fructose catabolism in, 930* 
in gargoylism, 141-146 
glucose consumption, 286-292 
hemodynamics, 286-298 
and intracellular osmolarity, 916* 
lactate, 289-292 
oxygen consumption, 286-292 
pulse volume, 767 

after stellate ganglion block, 770 
pyruvate, 289-292 
in —* acidosis, 1115, 1118- 


in thrombocytopenia, 897* 
tumor, ao spinal fluid protein, 
3 


typhoid infection and influenza 
virus neurotoxicity, 903* 
Breast, cancer 
adrenal estrogens in, 341-349 
seromucoid hexosamines, 53 
serum calcium, 88, 89, 95 


Bronchiectasis 
and collateral circulation, 894*, 
1072, 1084, 1085 


hematocrit and oxygen capacity, 
67 


Bronchitis 
hematocrit and oxygen capacity in, 
167 


and pulmonary diffusion capacity, 
602 


Brucellosis, and endotoxin, febrile 
responses, 219-230 
Buffer 
cation loss, and acetazolamide, 929* 
conservation, and ammonium and 
titrable acid, 929* 
H, and corticosteroid binding, 
20--523 


sensitivity to, and vitamin Bu 
binding, 647 
Buerger’s disease, 941*, 942* 
Burn 
hypogammaglobulinemia 
1740-1744 
serum protein changes after, 1736— 
1745 


after, 


in swine skin, 888* 
and urinary cortisol, 818, 819 


Cc 
Calciferol 
and phenolsulfonephthalein excre- 
tion, 892*, 893* 
and renal function, 1702-1709 
Calcification 
in gargoylism, 144 
in ‘kidneys after calciferol, 
1707 
metastatic, 89, 95 
uric acid, and electrolyte excretion, 
901* 


1704- 


Calcium 
balance, 937* 
and cortisone, 919* 
bone concentration, 891*, 1357-1360 
in acidotic diabetes, 1679-1684 
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Calcium (cont'd) 
cerebrospinal fluid, 140 
concentration and liver vitamin 
Bi uptake, 649 
and contractility of actomyosin 
bands, 465-469 
electrolyte excretion after, 294-305 
excretion of, 921*, 929* 
after jejunal perfusion, 1827 
after magnesium loading, 1364, 


after neomycin, 893* _ 
ee and renal function, 296- 
3 


and isopropyl methyl phosphono- 
fluoridate (sarin), 362 
and metabolism, 913* 
in gargoylism, 139-147 
nondialyzable, 1660, 1661 
and urinary excretion, 317-320 
in osteoporosis, 891* 
perfusate and plasma concentra- 
tions in uremia, 1832 
plasma. See Plasma, calcium 
and renal function, 295, 296, 899* 
and parathyroid extract, 907* 
serum. See Serum, calcium 
and trypsin, inhibition of, by soy- 
an, 948 
uptake, in osteoporotic acro- 
megaly, 891* 
urine flow after, 899* 


Cancer 


See also specific site 

fibrinolytic enzyme system in, 969, 

pd fractions in, 129-135 

serum properdin concentration in, 
933* 


Capillary 
blood flow 
and hexamethonium, 200 
and murine typhus toxin, 899* 
filtration, and oncotic pressure, 
1472, 1473 
and glucose, 525-528 
protein loss to, in Valsalva maneu- 
vers, 1472, 1473 
vascular beds, in cardiac edema, 
1472 
Carbachol aerosol, lung response to 
inhalation of, 1746-1754 
Carbohydrate 
in amyloid composition, 882* 
cerebral utilization and high spinal 
anesthesia, 289-292 
intake 
and Spee, 574-578, 1336- 


and fructose metabolism, 118-126 
and nonesterified fatty acid dis- 
tribution, 574-578, 1511-1514 

and urinary glucose, 1009 
a 252, 758-761, 1000- 


and fructose, 758-761 

and glucose, 528, 758-761, 930* 

in ce acid deficiency, 
6 


and ribose synthesis, 902* 
and serum amylase, 889* 
and oxygen consumption in renal 
failure, 886* 
protein-bound, 277, 278 
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and pyruvate, 252, 2 
synthesis from sg 1000, 1014 


Carbon dioxide 


alveolar removal in exercise, 596 
blood storage under, 977 
cardiac metabolic rate, 890*, 894* 
and tachycardia, 1415 
and cerebral blood flow, 768-770 
concentrations of 
in blood after hexose load, 757 
in bone, 1357-1360 
in metabolic acidosis, 640-644 
in — acidosis, 1111- 
11 


electrolyte response to, 1667-1675 
hydration of, and carbonic an- 
hydrase, 1120 
and isopropyl methyl phosphono- 
fluoridate (sarin), 362 
and nitrogen displacement by oxy- 
gen, 306, 312 
output, and pulmonary artery oc- 
clusion, 1080 
palmitate, conversion to, 1337, 
plasma content 
in diabetes, 1008, 1009 
and exercise, 1694, 1695 
and potassium intake, 1318 
and pulmonary diffusing capacity, 
in lung disease, 591-604 
retention, in arterial blood, 1057 
serum ~ ame in renal disease, 90, 


in squalene conversion to choles- 
terol, 655-659 
tension 
and bicarbonate reabsorption, 
930* 
in hyperthyroidism, 938* 
in liver, 1189-1194 
in metabolic acidosis recovery, 
640-644 
in pulmonary disease, 1169, 1174 
in sleep, 982-984 
in tachycardia, 1414, 1415 
transmural central venous pres- 
sure affected, 1538 
uptake 
and aminophyllin, 884* 
and blood pH, 249 
in congestive failure, 923* 
urinary excretion after, 881* 
calcium gluconate, 298, 299 


Carbon monoxide 


pulmonary diffusing capacity, 394- 
, 592 
and exercise, 594-604, 926* 


Carbonic acid 


muscle content, 1118, 1119 
toxicity, 497-501 


Carcinoma. See Cancer 
Cardiac output 


and — in hypoxia, 100- 
10 


and aminophyllin, 884* 

and anaerobic metabolic rate, 1582 

and anesthesia, 899* 

and aortic insufficiency, 471-475 

in atrioventricular valvular de- 
formities, 1601 

and carbon dioxide concentration, 
890*, 894* 

and carbonic anhydrase, 887* 


after electric shock, 885* 

and epinephrine, 477 

and exercise, 503, 1589, 1695, 1696 
in heart, failure, 507, 1582-1591, 


and hexamethonium, 200 
and hyperventilation, 249 
in hypothyroidism, 503, 507 
and norepinephrine, 477 


tetraethylammonium _potentia- 
tion, 
and oxygen consumption, 540, 542, 
1589, 1590 


and pressure, left atrial, 38 
Cardiovascular system 

and aminophyllin, 884* 

and electric shock, 885* 

in sickle cell anemia, 486-494 
Casein 

in amyloidosis, 847-850, 854-857 

and renal insufficiency, 856 

and trypsin, 948, 954 

Conran estrogen excretion, 341- 


Catechol amines, in renal insuf- 
ficiency, 409-413 
Catheterization 
cardiac, 894* 
and mitral stenosis, 200 
in pulmonary collateral blood 
flow study, 894* 
in right pulmonary artery and 
brochospirometry tube, 1076 
in sickle cell disease, 490-492 
coronary sinus, in rubidium uptake 
study, 921* 
hepatic vein, in portacaval shunt, 
end-to-side, 606-617 
and incidence of bacteriuria, 897* 
transbronchial, left heart in mitral 
insufficiency, 35-39 
venous and plethysmograph, 42 
Cations 
See also specific cations 
in ash of urinary nondialyzable 
solids, 1662 
renal excretion, and sulfate, 940* 
and sodium balances, 1398, 1401 
Celiac disease, and sprue, 927* 
Cells 
See also Erythrocytes; Leucocytes 
age and fragility, 899* 
brain and plasma pH, 1119 
electrolytes in, after DCA, 68 
endothelial, 922* 
and a therapy for clots, 


eosinophils, 1567 
epithelial, 922* 

and calciferol, 1704-1707 
giant, in hypersensitive state, 898* 
granulocytic, 1571-1575 
hematopoietic, 1568 
hypoxic, oxidative potential, 244 
juxtaglomerular, 660-670 
lung, oxygen uptake, 600 
lymphocytic, 1567 
marrow, 1571-1575 

metabolic studies, 166-171 

and folic acid, 168 
membrane permeability, 261 

in respiratory acidosis, 1120 
ee infiltration in kidney, 


















osmolarity within, 916* 
oxygen supply and energy utiliza- 


tio: 
plasma, a fish, 892* 
potassium concentration, 1320 
and _ bicarbonate reabsorption, 


50 
proliferation of, 887* 
serum hexosamine concentrations 
in, 896* 
reticuloendothelial, and fever tol- 
; erance, 
| synthetic processes of 
and glucose catabolism, 1194 
pyruvate from carbohydrate, 261 
water, after DCA, 68 
Cephalin 
phospholipid separation, 1840 
phosphorus content, 1841 
Ceruloplasmin 
in postmortem synovial fluid, 711 
in Wilson’s disease, 934* 
Cervix, cancer of, fibrinolytic ac- 
tivity in blood, 969-972 
Chloramphenicol 
me studies, toxicity, 1286- 
1 


and urinary formiminoglutamic 

acid, 830 
Chloride 

absorption from gastrointestinal 
tract, 1429 

and acetazolamide, 929* 

and blood pH and convulsion, 499 

concentration in bone, 1357-1360, 


concentration in muscle, 66-69, 
890* 


concentration in plasma 
and carbon dioxide, 1114 
and hexose infusion, 757 
and . a transfer, 1827- 


and intracellular acidosis, 883* 
excretion 
in alkalosis, 1017, 1018 
after jejunal perfusion, 1827- 
1829 


after magnesium loading, 1364, 
1368-1371 
and plasma calcium, 295, 296, 


and renal failure, 911* 
in respiratory acidosis, 883* 
and sodium depletion, 325-328 
and spirolactone, 917* 
ferrous, failure to displace man- 
ganese, 1302 © 
perfusate concentration, and trans- 
fer, 1829, 1831, 183 
plasma. See Plasma, chloride 
serum. See Serum, chloride 
toxicity, 497-501 
Chlorothiazide 
antihypertensive agents, 902* 
and renal and systemic hemody- 
namics, 887* 
Cholelithiasis 
blood ammonium-nitrogen concen- 
trations, 417 
Cholesterol 
absorption, 884*, 900*, 9 
and atheromas, 161, 1163, it64 
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in azotemia, 854 
and blood clotting time, 920* 
esters, 278 
in atheromatous plaques, fatty 
acids, 1160-1164 
in malignancy, 884* 
and sarin, 356-362, 365-367 
in hyperlipemia, 809 
protein-bound, 278, 709, 710, 716 
and salicylates, 1135, 1140, 1141 
serum. See Serum, cholesterol 
in synovial fluid, 709, 710, 713, 716 
synthesis 
in diabetes, 1197, 1198 
and glucose oxidation, 1191, 1194 
in liver, 1185-1194, 1197, 1198 
and squalene, 655-659 
in urinary nondialyzable solids, 


Chondroitin sulfate 


acid mucopolysaccharides in, 862 
after thyrotropin and TSH, 879* 
in amyloidosis, 883* 
hexuronic acid-containing poly- 
saccharides, 679 
synovial, and aging, 63 
and — Bi uptake by liver, 


Christmas factor, 1323-1330 
Chromatography 


adrenal steroids, 1343, 1344 
albumin distribution, 280, 281 
in amyloidosis, 846-856 
in atheromas 
fatty acids of plaques, and 
plasma, 1155-1164 
fluorescence, 160-165 
—— on ugates, 332-339, 1124- 


of 11-desoxycortisol metabolites, 
1090 

of estrogens, in breast cancer, 341- 
349 


and plasma electrophoretic frac- 

tions, 276, 283 
in multiple myeloma, 281 

plasma phosphatases, acid and al- 
kaline, 279 

of platelet phosphatides, 1836-1847 

of purines, in gout, 

—— factor isolation, 913*, 


14 
serum proteins, 272-284, 893* 
siderophilin location, 279 
steroids in congenital adrenal hy- 
perplasia, 890* 
thyroxin-binding protein, 279, 280 
of —_ * caer solids, 318- 


nucleoprotein degradation, 875* 


Chromium, radioactive 


insulin labeled with, in postopera- 
begs sodium study, 1630- 
2 


in manganese metabolism, 1302- 
1304 


platelet survival, after labeling, 
1267 


Chylomicron, and fatty acids 


distribution, after injection, 574- 
578 


in metabolism study, 1333-1341 


Circulation. See Blood flow 
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Cirrhosis, 925, 991 


and ammonium metabolism, 416- 


and erythrocyte metabolism, 1478 
and isotonic dextrose, 928* 
and :  —_e metabolism, 


and portacaval shunt 
fibrinolytic system in, 968 
hepatic hemodynamics, 606-617 
and serum glutathione reductase, 
216-218 


and serum seromucoid hexos- 
amines, 53 

sodium distribution in, 687-697, 
1237, 1238 


spleno-portal circulation time in, 
1854 
and thiamine deficiency, 1480 


water distribution, 687-697 
and retention, 928* 


Citric acid 


blood, 121-125 
pH, and convulsion, 499 
and calcium ultrafiltration, 1516- 


chromous and ferrous, and radio- 
manganese, 1303, 1304 

cycle precursors, and cortisone, 
1392 


ferrous, in manganese pathway 
study, 1302-1304 

metabolism, in perfused placenta, 
1516-1522 

toxicity, 497-501 

in tricarboxylic acid cycle, 1002 


Citrulline, plasma concentration, 
1720 

Coagulation of blood. See Blood, 
coagulation 

Cobalt 


in manganese pathway study, 1302, 
1303 


vitamin Bui labeled, in vitro bind- 
ing study, 556-566 


Colitis, ulcerative 


hypersensitive granulomatous in- 
flammation, 898* 

pain threshold, 31, 32 

and pulmonary embolism, 820 


Collagen disease 


serum hexosamine concentrations 
in, 896* 


Coma 


and ammonia concentration, 1726 
metabolism, 414-423 
hepatic, 414-423 
and acidifying agents, 499, 500 
thiamine deficiency and erythro- 
cyte metabolism in, 1479 
and isopropyl methyl phosphono- 
fluoridate (sarin), 


Co: spound F. See Cortisol 
Connective tissue 


destruction, serum hexosamine 
concentrations in, 896* 
ground substance, seromucoid hex- 
osamines, 51-56 


Convulsion 


after ammonium hydroxide load- 
ing, 17. 

and blood pH, 499 

and glycerol, 625 
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Convulsion (cont'd) 
and isopropyl methyl phosphono- 
fluoridate (sarin), 354 
Copper 
absorption, in Wilson’s disease, 
934* 


in eng pathway study, 1302 
Coronary art 
blood flow, rites 898* 
and aortic insufficiency, 471-475 
and myocardial rubidium uptake, 
921* 


and oxygen consumption, 473-475 
disease incidence, and sex, 927* 
hemodynamics, and tachycardia, 

1415 


Coronary sinus, oxygen content, 
884* 


Corticosteroids 
cortisol displacement by, 514 
and endotoxin uptake, 226, 227 
excretion 
in children, 1091 
in hyperthyroidism and myx- 
edema, 737, 738 
production of, in perfused pla- 
centas, 936* 
Corticosterone 
binding - by human plasma, 512- 
51 


excretion in thyroid disease, 737, 
738 


secretion, after vena cava constric- 
tion, 1784-1787 
Cortisol 
and, adrenal activity, 797, 912*, 
1527 


and albumin, 1233 
and ammonium-nitrogen concentra- 
tions, 
and androsterone production, 796 
binding of, 512-523 
biological half-time, 1795, 1796 
and endotoxin reactions, 226, 227 
after epinephrine, 879* 
excretion, 
and stress, 813-822 
formation 
in adrenogenital syndrome, 1342- 
1346 


and diastolic blood pressure, TH 
in hypertension, and 


and total adrenal steroid output, 
1533 

and inulin clearance in glucosuria, 
528 


and lipolytic action of ACTH, 
1532, 1561, 1562 
metabolism 
in hirsute women, 796 
in thyroid disease, 738, 741, 742 
aan °° and staining reactions, 
43 


and placenta, 937* 
secretion, 912* 
and sodium excretion, 1631, 1638 
synthesis of, in congenital adrenal 
hyperplasia, 890* 
in thyroid crisis, treatment, 742 
transcortin-bound, 928* 
and urinary steroid 
088-1 


excretion, 
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and water excretion in adrenal and 
pituitary insufficiency, 1799- 
1808 

Cortisone 

in Addison’s disease, 920* 

and adrenal activity, 797 

and amyloidosis, 848 

and blood glucose, 1384 

body electrolytes and water re- 
sponses, 

and calcium homeostasis, 919* 

and carbohydrate production in 
liver, 1392 

and cortisol binding, 513 

and 11-desoxyketosteroids, 796 

and etiocholanolone production, 796 

and fat metabolism, 1392 

in hirsute women, 796 

in hypercalcemia, 89, 95 

and hypercalciuria, 937* 

in hyperthyroidism, 738 

and intracellular proteolytic en- 
zyme activity, 926* 

and ketone metabolism, 1384, 1385, 
1389-1392 

for leukemia, and vitamin Buy 
binding, 560 

metabolism by prostatic cancer, 
933* 


in myxedema, 738, 742 
in perfusates of placenta, 937* 
pressure after 
and jejunal perfusion, 1822, 1824, 
1832 


and sodium removal, 1832 
and serum albumin, 1231, 1232 
and sodium depletion after adre- 
nalectomy, 1395, 1396 
and survival time after trauma, 
85-387 
Coryza, neutralization by immune 
globulin, 904* 
Creatine 
concentrations and anesthesia, 901* 
kinase, in muscular dystrophy, 
940* 


Creatinine 
and bicarbonate reabsorption, 745 
clearance, 929* 
after anesthesia, 188, 901* 
and carbon dioxide breathing, 


1 
and insulin, 372-374 
after jejunal perfusion in uremia, 
1824, 1828, 1829 
— transplantation, 186, 


and mercuric-cysteine, 1017 
postphlebotomy, 238-241 
after potassium sulfate, 325-330 
in pregnancy and puerperium, 
1766-1770 
and tolbutamide, 372-374 
and vasopressin dosage, 458-463 
and water concentration, 459- 
461, 878* 
and phosphorus clearance after 
glucose, 891* 
postoperative, 1630 
Cushing’s syndrome. 
hyperfunction 


See Adrenal 





Cyancobalamin 
See also vitamin Biz 
plasma absorption, and intrinsic 
factor, 888*, 889* 
Cyclopropane, water diuresis in- 
hibition, 875* 

Cysteine, mercuric, and acid-base 
balance, 1017-1019 
Cystine, intake and plasma concen- 
tration, 1712-1717 
Cytosine, excretion in leukemia, 875* 


D 


DCA. See Desoxycorticosterone 
1,2- Dehydro- 9a - fluorohydrocorti- 
sone, 921* 
Dehydroisoandrosterone 
pattern formation, individual dif- 
ferences, 905* 
ane of, in hirsute women, 


Desoxycholate 
in thromboplastin generation test, 
1840 


Desoxycorticosterone 
electrolytes and water after, 65-69 
and hypertension, 660-670, 931* 
and arteriosclerosis, 1688-1692 
inhibition of corticosterone bind- 
ing, 514, 517 
inhibition of cortisol binding, 513 
and juxtaglomerular cell granula- 
tion, 660, 667, 669 
sodium and water balance studies, 
* 


and SU-4885, 912* 

trimethylacetate and sodium in- 
take, 

Desoxycortisol 

conversion to cortisol, 1344-1346 

inhibition of corticosterone bind- 
ing, 514, 517 

inhibition of cortisol binding, 513 

a: ms staining reaction, 


Deuterium oxide, water exchange 
and clearance by jejunal 
segment, 1823, 1824 

Dextran 

and serum protein in nephrotic 
hyperlipemia, 809 
after thoracic inferior vena cava 
constriction, 1786, 1787 
and water clearance, 459-461 
Diabetes, alloxan 
bone mineral and water content, 
1676-1685 
lipogenic defect, 1201 
Diabetes insipidus 
and hypernatremia, 1253 
sodium depletion in, and _ urine 
osmolality, 1398 
Diabetes mellitus 
acidosis 
and carbon dioxide tension, 640- 
644 


and amino acid penetration, 907* 
—— in, nonprecipitation, 787- 


blood sugar, 640-644 
and renal phosphorus clearance, 


91*, 892* 


and serum amylase, 889* 
during sleep, 925* 


| 
| 


caceiciccnarisheliana ai Le aie 
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and bone crystal sodium, 1680 3,4-Dihydroxyphenyl- 8- aminoeth- E 
4 cholesterol synthesis in, 1198 ane, 410-413 Edema 
i glucose 3,4-Dihydroxyphenyl- 8-aminopro- : . : 
| production in, 1006-1014 panoic acid, 410-413 a, Sen Sry. Tivation. 
: reabsorption, 53 3,4-Dihydroxypheny]l- 8-isopropyl- —— =? : 
| utilization, and fructose, 125 pi OT Tate in cirthows of liver, 687 


in congestive heart failure, 687 


ayo Pathways in lipogenesis, Diiodotyrosine, 878* after jejunal perfusion in uremia, 
1821 


Di-isopropyl fluorophosphate, in 


ereoeres Taare 


and hyperlipemia, 886* vitro sensitivity to, 352 : : 5 
insulin in, 722, 787, 792 _ and isopropyl methyl phosphono- ont ee =. —,™ 
— and serum binding, 788, — (sarin), 350, 362- ventilatory mechanics, 111-117 
36 ° °. 4 7 c 
ogee i insulin, 788 Dimethylbenzimidazole, and vita- peta oS ae PO. 
abile, min By binding, 902* 4 | 
plasma electrolytes in, 1678 in leukemia serum, 917*, 918* par gga ssi ulin 
| plasma ae Be ammonium chlo- — Dinitrophenol and hexamethonium, 199 
i ride and liver vitamit Bis uptake, 647, : 1 ' 
| and ribose metabolism, 722, 728- 649 t Gena _ isopropyl gra — 
i 733 : 5 metabolism, 1149 : seromucoid hexosamines, 52 
seromucoid hexosamines, 53 and oxygen consumption after and serum sodium concentration 
| stable, 1006-1008, 1013, 1014 trauma, 386, 388 1243-1254 j 
i Diaminopimelic acid, isolated from and sodium reabsorption by renal they nibs Sta 
pine pollen, 888* "tubule, 932* EDTA. M- ee 
Diamox®. Sce Acetazolamide Dipeptidase, and proteolytic enzyme, Electrocardiogram 
Diet 





caloric intake 
and aldosterone, 1549, 1554 
mineral — nitrogen balances, 
433, 4. 
and obesity, 1443 
carbohydrate-free, and fructose and 
glucose tolerance, 123 
in diabetes, 886* 
and electrolyte excretion in man 
and monkey, 304 
folic acid-deficient and formimino- 
glutamic acid excretion, 827 
and hyperlipemia, 886*, 916* 
and hypoalbuminemia in children, 


6 
and hypochloremia, 1667-1674 
low magnesium, 430-439 
low sodium 
and juxtaglomerular  granula- 
tion, 664 
and sodium and potassium bal- 
ances, 1397 
meat 3 hexose tolerance tests, 
1 


nonpolar lipids from, in athero- 
sclerotic lesions, 
pantothenic acid deficiency, 1643 
sodium 
and DCA effects, 65-69, 1925* 
and sodium balance after 
adrenalectomy, 1397-1401 
jejunal perfusion, 1822 
and seromucoid in nephrotic, 54 


Digoxin 


and contractility of actomyosin 
bands, 465-469 
renal excretion, 836, 837 


Dihydroxyacetone phosphate, in 


tricarboxylic acid cycle, 
1002 


3a,118-Dihydroxyandrostane-17- 


one, 795-798 


2,5-Dihydroxy-benzoate. See Gen- 


tisate 


3a,11B- Dihydroxyetiocholane- 17- 


one, 795-798 


3,4-Dihydroxyphenyl acetic acid, 
410-413 


1,2-Dipheny]1-3,5-dioxo-4 - (8- phen- 
ylsulfoxy ethyl)-pyrazoli- 
dine, 

Diphosphopyridine nucleotide 

in a and lipogenic defect, 


and erythrocyte glucose utilization, 
916* 


and glucuronide synthesis, 333-339 

and liver carbon dioxide produc- 
tion, 1189-119: 

oxidation, 244 

and serum malic and lactic de- 
hydrogenase, 673 

Diuresis 

and ACTH, in nephrotic syn- 
drome, * 

and antidiuretic hormone, 462, 463, 
879*, 880* 


bicarbonate, and glomerular filtra- 
tion, 551 

after glycerol infusion, 622 

and hypotonic urine, 1801-1808 

isotonic dextrose, in ‘cirrhosis, 928* 

in ne nephrosis, reversibility, 


mercurial, 902* 
and acid-base balance, 1016-1022 
and renal artery constriction, 550 
and renal hemodynamics after 
calcium, 899* 
water, 879*, 880*, 882* 
and anesthetic agents, 875* 
and glomerular filtration rate, 
548-555, 1800-1808 
hydropenia, 879* 
DNA. See Deoxyribonucleic acid 
Dodecabromide, activity as squa- 
lene, 656 
Dwarfism, pituitary, 923* 
and serum sulfation factor activity, 
R8R* 


Dyspnea 
and antigen-antibody release, 1226 
and cardiorespiratory disease, 914* 
and isopropyl methyl phosphono- 
fluoridate (sarin), 353, 354 
Dystrophy, muscular, and collagen 
nitrogen, $39* 


after ammonium loading, 1726 
in pantothenic acid deficiency, 1646 
after potassium loading, 1318, 1319 
and sodium depletion, 330 
Electroencephalogram, in sleep, 988 
Electrolyte 
See also specific electrolyte 
balance 
in adrenal hyperplasia, 890* 
and desoxycorticosterone, 889* 
and intake, 1667-1675, 1822 
and steroid hormones, 921* 
and calcium gluconate, 298, 299 
after magnesium, 1368-1371 
and renal tubular function, 239 
and uric acid stones, 901* 
excretion 
in adrenal cortical insufficiency, 
* 
after fructose infusion, 756 
intestinal transfer rates after per- 
fusion, in uremia, 1828-1831 
losses and hyponatremia after 
jejunal perfusion, 1823 
postoperative, 1630 
plasma. See Plasma 
in respiratory acidosis, 883*, 1667- 
1674 


serum. See Serum 
Electronmicroscopy, in lipoid ne- 
phrosis, 922* 
Electrophoresis 
albumin concentrations, 711-717, 
1419-142 


antihemophilic factors, 1323-1330 
casein, 85: 6 

cerebrospinal fluid proteins, 1420 
Christmas factor, 1323-1330 

and chromatographic fractions, 


in cortisol binding, 519-523 

in enzyme, fibrinolytic system, 
1323-1330 

in erythrocyte hemolysates, 974- 
979 

insulin-gamma_ globulin complex, 
785 


saath 0 in nephrotic children, 
174 
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Electrophoresis (cont'd) 
malic _ lactic dehydrogenase, 
673 


myeloma protein patterns, 281 
of hemoglobin in pulmonary dis- 
ease, 1170 
of plasma ’proteins, 174 
a of corticosteroids, 519- 


of i synovial fluid, 708- 


serum, 893* 
in amyloidosis, 852, 853, 882* 
and corticosterone binding, 519- 


fatty acids in hyperlipemia, 1778 
fatty acids in nephrotic syn- 
drome, 1775-1782 
in thermal trauma, 1736-1745 
thyroxin-binding protein, 279, 
0, 1609 


vitamin By binding in, 278, 561- 


565 
of stored blood, 974-989 
of tissue acid mucopolysaccarides, 


Emphysema 
hematocrit and oxygen capacity, 


11 
and obesity, 1054, 1055 
and patient- “cycled respirator, 937* 
and pulmonary diffusing capacity, 
571-573, 597-602 
for carbon monoxide, 394-407 
and exercise, 602, 914*, 924* 
and smoking, 305+ 
Empyema, properdin concentration 
in, - 
Endocarditis, bacterial, properdin 
concentration in, 877* 
Endocrine secretions and _ renal 
function in pregnancy, 1772 
Endotoxin 
absorption in hemorrhagic shock, 
1425-1434 
brucella 
febrile response, 224-230, 881*, 
891* 


lethal actions, 221, 455 
clearance, in fever, 880* 
Escherichia coli, hepatic localiza- 

tion, 441-457, 1428 
and plasma cortisol metabolism, 
1791-1798 
and properdin system, 940* 
shigella, leukopenic response to, 
1100-1104 
- development, 225-228, 
and distribution, 442-457 
Enzymes 
cholinesterase activity, 364, 367 
and isopropyl methyl phosphono- 
fluoridate (sarin), 350 
fibrinolytic system, 965-972 
heredity defect in erythrocyte 
metabolism, 1176-1183 
heterogeneity in serum malic and 
- dehydrogenase, 672- 


intracellular and body fluid, 943* 
liver, formation of glucuronides, 
333-339 


tolerance 
88 


and neoplastic tissue growth, 944* 
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renal adaptation, and ammonia ex- 
cretion, 1623 

systems, in adrenogenital syn- 
drome, 1342-1347 

Epinephrine 

and amylase concentration, 889* 

and fibrinolytic activity, 931* 

and forearm blood flow, 841, 842 

glycogenic response to, 1651 

in heart block, 879* 

and lactate accumulation, 252, 1579 

potentiated responses, 478 

species difference, 484 

in renal insufficiency, 409-413 

sensitivity of arterioles and pre- 
capillaries to, 899* 

and thyroidal hormone, 918* 


Erythroblastosis fetalis, serum- 
spinal bilirubin ratios in, 
1404-1408 

Erythrocyte 


ABO-incompatible, 1203-1209 

and acetylcholinesterase, in hemo- 
globulinemia, 900* 

and adenosine triphosphate, 916* 

age oaF on, 1293-1296, 1542- 


agglutination, 905*, 1216, 1217, 

1225, 1226 
of penicillinized, 912* 

and albumin, postphlebotomy, 236, 


237 

in anemia, 916*, 917* 

iron deficiency, 833-835 

antibody destruction, 1202-1226 

and carbon dioxide, 1668 

cholinesterase activity, 351, 352 

in cord blood, glutathione concen- 
tration, 1438 

diameters in anoxia, 1172-1174 

energy from  diphosphopyridine 
nucleotide reduction, 929* 

and fibrin, in clot grading, 867 

glucose utilization, 916*, 1439, 
1440 

glutathione. See Glutathione 

in gout, 944* 

incompatible, 1203-1209 

dermal response, 1218 

lactic and malic dehydrogenase, 

674-676 


of marrow, 1564-1575 
metabolism, 918*, 1476-1483 
and — defect, 916*, 1176- 


inhibition and palmitate metabo- 
lism, 1732 

and methylene blue, 1477, 1483 

and palmitate, interaction between, 
1729-1735 

in pantothenic acid deficiency, 1646 

a dehydrogenase, 


plasma separation and blood pres- 
sure, 1106-1110 

after plasmin therapy, 868 

primaquine-sensitive, 928*, 929* 

production, and chloramphenicol 
toxicity, 1289-1291 

in pulmonary disease, 1166-1174 

purine nucleoside phosphorylase, 


’ 


sequestration, 1211-1213, 1222-1224 
and + jiccneaaadeaimaaae 1213, 
1220 


by filtration at low pressures, 
905* 


and lecithin, 1213, 1220 
in spleen, 899*, 213 
storage, 974-989, 1202-1226 
and inosine, 978-980, 1293-1296, 
1439, 1440, 1484-1492 
survival studies, 918*, 1485-1492 
and thiamine deficiency 
transketolase reaction, 1480, 1481 
in Wernicke’s encephalopathy, 
1476-1483 
thromboplastic substances in, 937* 
in uremia, 918* 
Erythropoiesis 
and eo toxicity, 1290- 


of hereditary spherocytosis, 899* 

after phlebotomy, 883* 

plasma stimulatory factors, 913* 
Erythropoietin, in plasma, 900* 
Esophagus 

a and pain threshold, 29- 


pressure 
in hyperventilation, 1538 
and phentolamine, 1539-1541 
and pulmonary edema, 112 
varices, and portacaval anasto- 
mosis, 615-617 
Estradiol 
plasma, binding in, 515-517, 519 
rary, oo after ACTH, 
Estrogens 
adrenal, in breast cancer, 341-349 
and alpha globulins, thyroxine- 
binding capacity, 156 
and citrate metabolism in perfused 
placenta, 1518-1522 
excretion, 342 
after castration, and ACTH, 346 
and hypercalcemia, 89 
placental transfer, 1374-1378 
and ae bound iodine, 892*, 
3 


and sulfonphthalein excretion in 
hypertension, 1526 
and thyroid hormone turnover, 
ak 


Estrone 
plasma, binding in, 515-517, 519 
urinary excretion after ACTH, 
342-349 
Ethanolamine phosphatide, and 
blood clotting time, 920* 
Ether 


anesthetic effects, and _ skeletal 
muscle metabolism, 901* 

and water diuresis inhibition, 875* 

Ethionine, and protein synthesis, 84 

Ethylenediamine, and fluorescence 

See compounds, 410- 


Ethylenediaminetetraacetic acid 
decalcification with, and fluores- 
cence, 
and liver vitamin Bw uptake, 648 
and platelet survival in thrombo- 
cytopenia, 1266 
and renal function, 303 




















and serum 
malic and lactic dehydrogenase, 


74 
trypsin inhibitor, 949-954 
Etiocholanolone 
in hirsute women, 795-798 
pattern formation, individual dif- 
ferences, 905* 
Exercise 
anerobic metabolism in, 1577-1591 
in heart disease, 1601 
in aortic stenosis, 944* 
and arterial blood, 1580 
pH, 544-546, 1693-1700 
and blood flow, 839, 844 
and arteriovenous oxygen dif- 
ference, 1579, 1580 
pulmonary, 1083, 1085 
systemic, 207, 208 
and body lactate, 1578, 1580 
and bradycardia, 883* 
and —7 blood volume, 1061- 


069 
and carbon dioxide, 593, 596, 1580 
and — output, 926*, 1579, 
1 


in emphysema, 924* 
in heart failure, 1589 
and fibrinolytic activity, 931* 
and heart, 207, 208, 212, 503-507, 
881*, 883* 
hemodynamic effects 
in heart disease, 881* 
in hypothyroidism, 503-509 
and left ventricular function, 883* 
and oxygen, 210, 1579, 1580, 1589 
debt, 255-262 
intake, 540-546 
and pulmonary diffusing capacity, 
1061-1069 
for carbon monoxide, 594-604, 
926* 
and pulmonary hypertension, 203, 


and pyruvate, 1578-1580 

respiration during, 1693-1701 

and stroke index, 881*, 883* 

in supine position, 202-212, 257 

Extremity. See also Forearm 

arteriovenous ammonium-nitrogen 
differences in hepatic dis- 
ease, 417-423 

congestion, and vasoconstriction, 
46-49 


F 


Fatty acid, nonesterified 
in adipose tissue 
and ACTH, 1556-1562 
and splanchnic ketone body pro- 
duction, 1388-1391 
and adrenocorticotropic hormone, 


albumin-bound, 1504 
and carbohydrate feeding, 1338- 
3 


1340 
and chylomicrons, 574-578, 1333- 
1341 


and erythrocytes, 1729-1735 
and growth hormone, 922* 
Fatty acids 
in atheromatous plaques, 1153-1164 
and blood clotting, 920*, 921* 
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and cholesterol esters of athero- 
mas, 11 64 
and cholesterol synthesis, 1192 
effect of glycolytic activity, 1198 
in hyperlipemia, 915*, 916*, 1776 
intestinal mucosa, 919* 
after neomycin therapy, 893* 
in nephrotic syndrome, 1775-1782 
and squalene, 659 
synthesis, 658, 1160, 1333-1341 
Embden-Meyerhof, and hexose- 
monophosphate pathways, 
1187-1190 
and insulin, 943* 
in liver, 1185-1194 
and reduced triphosphopyridine 
nucleotide, 1191 
urinary, 317, 320 


Feces, excretion in 


calcium, 913* 
in gargoylism, 145, 146 
after neomycin, 893* 
dipyrrylmethene, 896* 
electrolytes, 1551, 1552 
fatty acids, 893* 
hemoglobin, in alimentary canal 
lesions, 889* 
after magnesium loading, 434 
nitrogen, 434, 1551 
occult blood, spectrophotometric 
test, 889* 
phosphorus, 1828 
potassium, 434, 1551 
sodium, 434 
and aldosterone, 1551 
urobilinogen, in jaundice, 1124, 
1129 


Fetus 


blood flow, and steroid metabolism, 
* 


liver, phenolphthalein conjugation, 
and maternal 
estrogen transfer, 1373-1378 
ae <3 incompatibility, 1756- 
3 


thyroid function, 157 
plasma proteins, 1093-1099 
uridine-diphosphate-glucuronic de- 
hydrogenase activity, 337 


Fever 


after albumin injection, 894* 
and antigen-antibody release, 1226 
and erythrocyte destruction, 
1210-1213, 1225, 1226 
and chloramphenicol, 1287 
and endotoxin Pa 224-230, 
442, 881*, 891 
tolerance Giiticdsies 451, 880* 
hypersensitivity associated with, 
894* 


and insulin binding, 789 
after transfusions, 1222 


Fibrinogen 


concentration 
and plasmin clot lysis, 866, 870 
transient detection, 965 
and diagnostic tests for cancer, 972 
and electroshock therapy, 931* 
— system activity, 965- 


in abruptio placentae, 967 
in blood coagulation, 1323-1330 
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in cirrhosis, 968, 969 
in pregnancy, 966-968 
and methionine and/or vitamin K, 


1, 82, 84, 


Fibrosis 


carotenoids and/or vitamin A, 164 

collagenous, in degenerative joint 
disease, 392 

and grading of clots, 867 

and = diffusing capacity, 


in Hamman-Rich disease, 598, 
600 


Fluid 


blister, and serum protein concen- 
tration, 1742 

cerebrospinal, 1405-1407, 1419- 
1424 


acidity gradient, and blood, 933*, 
934* 


in bacterial meningitis, 218 
bilirubin and heme pigment, 1411 
in cardiac edema, 1473 
in gargoylism, 140, 143 
and glutathione reductase ac- 
tivity, 216, 217 
and jugular vein occlusion, 764 
protein concentration, 1419-1422 
elbow joint, 709 
extracellular, 916*, 1120 
calcium balance, 95-97 
and cortisone, 95 
and creatinine clearance, 187 
electrolyte content after DCA, 
67-69 


fructose, 14 
isotonic expansion of, 188, 923* 
in muscle, 68, 69, 1120 
pH, and potassium, 1320 
and position, 882* 
sodium concentration, 189, 190, 
241, 920* 
space determination, 8-19 
interstitial, 13, 18, 241 
hypertonic medullary, 911* 
— 644, 879* 898*, 916*, 
120 


and body enzymes, 944* 
— and oxygen debt, 
270 


electrolyte response in, to carbon 
dioxide breathing, 1672 
and potassium concentration, 
707, 898* 
and sodium concentration, 707 
knee joint, 716 
osmolarity, 898*, 916* 
ribose distribution, 723, 724 
sequestration, after surgery, 1637 
synovial 
hyaluronate, 57-63 
proteins of postmortem, 708-717 
ventricular, 1420, 1421 


Fluorohydrocortisone 


and chlorothiazide, 902* 

inhibition of cortisol binding, 513 

in sodium and water balance 
studies, 925* 


Folic acid 


in anemia 
megaloblastic, 916*, 917* 
pernicious, 168, 17 
and deoxyribonucleic acid syn- 
thesis, 168-171 
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Folic acid (cont'd) 
excretion, 915* 
and formiminoglutamic acid, 829- 
1 


and glucuronic acid conversion, 
1462-1464 
and glycine, 20, 21, 25, 26 
in sprue, 20, 25 
Forearm 
blood flow, 41-49 
and hemodynamic changes, 838- 
845 
in hyperventilation, 956-961 
congestion, 1217 
and Valsalva maneuver, 1471- 


oxygen uptake, 492 
after heating and cooling, 1031- 
1047 
Formiminoglutamic acid, in urine 
and amethopterin, in leukemia, 
829-831 
assay method, 824-827 
and folic acid deficiency, 827, 915* 
Fructose 
in amyloidosis, 882* 
and blood pH, 757 
and glucose metabolism, 125 
in infants, 752-761 
insulin, and glycosuria, 761 
metabolism, 930* 
in diabetes, 125 
and = carbohydrate, 118- 
26 


and urinary concentrations, 14 
nondialyzable solids, 318, 320 
Fructose-6-phosphate 
and glucose hepatic glycolysis, 1185 
and primaquine-sensitive erythro- 
cytes, 929* 
in ribose synthesis, 653 
Furadantin®, 930* 
Furazolidone, erythrocyte sensitivity 
to, 929* 


G 


Galactosamine-glucosamine 
in seromucoid, 51-56 
Galactose 
in amyloidosis, 882*, 883* 
urinary, 318-320 
or - metabolism in, 


ratio, 


as 
alveolar diffusing capacity, 894 
and nitrogen replacement by 
oxygen, 312, 313 
in obesity, 1052 
in ews disease, 592, 594, 


in sleep, 981-989 
and ammonium ion, 498 
blood content, 1080 
and acetylcholine, 101 
and exercise, 542, 544, 594, 1693- 
1696 
and blood pH, 249, 498 
exchange, 101 
in emphysema, 400, 403, 567-598 
and occlusion of pulmonary 
artery, 1080 
lung volume, 597, 601, 602 
and compliance, 114-116 
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after oxygen breathing, 264-271, 
308 


thoracic volume 


after _ breathing, 1750, 
1751 


after charcoal ‘weal breathing, 
Gastrointestinal tract 
cholesterol esterification, 884*, 901* 
disturbances, and antigen-antibody 
release, 1226 
ener? burning in pantothenic 
acid deficiency, 1644-1646 
in gargoylism, 143-146 
hemorrhage, 889* 
and blood ammonium-nitrogen 
concentrations, 417, 421 
after Shigella endotoxin, 1102 
iodide space in, 387, 1428 
pain, duration and intensity, 28-33 
as salt and water source, 68 
in sprue 
and celiac disease, 927* 
glycine absorption from, 
toxin absorption from, 941* 
in irreversible hemorrhagic 
shock, 1425-1434 
vitamin Bi "absorption from, 889* 
Glass factor, 911*, 1323-1330 
Globulin 
alpha, 278, 279, 709, 717, 848, 852 
thyroxine-binding by, 153-159, 


alpha:, 275, 1739, 1742 
lactic dehydrogenase, 673 
mobility and concentration, 1779 
vitamin By binding, 557-566 

alphaz, 1739-1742, 1779 

alphas, 275, 1779 

beta, 275, 562-566, 673, 848, 852, 

1740, 1742, 1743, 1779 


and lipoprotein migration rate, 
1 


25, 26 


and synovial fluid, 712 
in cerebrospinal fluid, 1419-1424 
corticosteroid binding, 516, 519- 


of cortisol, 522 
fatty acid, nonesterified, in neph- 
rotic syndrome serum, 1779 
gamma, 275-277, 562-566, 1740, 
1742, 1743, 1779 
antihuman added to human, 783, 


in Fraction II, 713 

and hyaluronidase digestion, 60 

of joint fluid and of plasma, 712 

and myeloma protein, 282, 283 

in postburn septicemia, 1741 

— casein-antibody in, 
4 


production, and plasma cells, 
892* 


rheumatoid agglutinating factor, 
* 


human immune, common cold neu- 
tralization by, 904* 
iron-binding, * 
in chloramphenicol 
1289-1292 
and isopropyl methyl phosphono- 
fluoridate (sarin), 362 
serum, 1742 
in amyloidosis, 846-857 
in blister fluid, 1742 


toxicity, 





Glomerular filtration rate 


and acetazolamide response, 551 

and bicarbonate reabsorption, 929* 
and acetazolamide, 745-748 

after calcium infusion, 297, 301, 


and carbonic anhydrase inhibitors, 
887* 


and cortisol, 528 
in hydropenia, 911* 
and hypertonic infusions, 1022 
and hyponatremia, 1399-1401 
mercurial diuresis, 550 
and chloride infusion, 1021 
after parathormone, 893* 
and Pitressin®, 188 
in pituitary and adrenal insuffi- 
ciency, 1800, 1803-1806 
and potassium excretion, 555 
and prednisone, 525-528 
in pregnancy and in puerperium, 
1765-1770 
in renal disease, 881* 
and renal function, 549, 550, 1366 
after calciferol, 1708 
magnesium clearance, 1366 
phosphorus clearance after glu- 
cose, 892* 
and salicylates, 804-806 
and sodium, 297-304, 548-555, 
1399-1401 
in shock, 387 
in transplanted kidney, 188-193 
and tubular transport systems, 881* 
and urine concentration 
and antidiuretic hormone, 910*, 
911* 
osmotic, 878 
and vasopressin dosage, 458 
after water loading, 1802 
and water retention, 1399-1401 
Glomerulonephritis 
aminonucleoside, 924* 
ee Se glucosamine ratio in, 


membranous, 922* 
serum 
calcium ultrafiltration, 89 
magnesium, 1366-1369 
sodium, 1238, 1251-1254 
Glomerulosclerosis, diabetic, 1238 
Glucosamine 
in amyloidosis, 854, 882* 
-galactosamine ratio, 854 
in seromucoid, 51-56 
Glucose 
absorption after jejunal perfusion 
in uremia, 1829 ( 
in amyloidosis, 882* 
blood concentrations. 
glucose 
cerebral consumption, 286 
conversion to fucose, 930* 
in on 125, 531, 1006-1014, 


See Blood, 


and epinephrine, 481 

and histamine, 477 

and norepinephrine, 477 
formation, 726 

acetate via acetoacetate and ace- 

tone, 1011 

and fructose, 121-125, 752-761 
and glutathione, 1439, 1440 
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hepatic glycolysis routes, 
1198 
infusion 
and blood lactate and pyruvate 
concentrations, 247, 252 
and glycosuria, 761 
and hyperventilation, 244-252 
and nr 632-639, 723, 789-792, 
3 


and cortisone, 1389, 1390 
isotope distribution, 999-1014, 1453 
and methylene blue stain, 1483 
and ketone body production, 1380 

from fatty acids, 1388, 1391 
metabolism, 930*, 999-1004, 1185- 
1194, 1196-1201 
and carbohydrates, 118-126, 528, 
930* 


in stress, 125 
oxidation, 943*, 1185-1201 
permeability of fetal red cells in 
utero, 1440 
and renal phosphorus clearance, 
ke 


plasma, 121-125 
protein-sparing effect of, 943* 
and renal phosphate clearance, 369- 


renal tubular reabsorption, 524— 
2 


and cortisol, 528 

and prednisone, 525-528 
serum concentration, 1238-1242 
splanchnic production, 1389, 1390 
tolerance, 121-125, 525-528 

and ACTH, 1557 
in tricarboxylic acid cycle, 1002 
— af growth hormone, 943*, 


urinary excretion, 1010 
and aldosterone, 1550 
of nondialyzable solids, 318, 320 
utilization, 631-639, 943* 
by erythrocytes, 916*, 1439, 1440 
by infants, 754 
Glucose-6-phosphate 
in adipose tissue glucose pathway, 
943* 


and_ erythrocytes, 
ficiency, 929*, 

and glutathione, 1439 

glycolysis, 1185, 1198 

and iodoacetic acid, 916* 

liver conversion to carbon dioxide, 

89-1191 

and pentose production, 1458 

and triphoshopyridine nucleotide, 
726, 1189-1191 

Glucuronic acid 

and bilirubin, 332, 875* 

conversion to hexose phosphate, 
1462-1464 


heredity de- 
1176-1183 


to ribose, 902* 

enzymatic defect, in liver glucu- 
ronide synthesis, 1127 

excretion of, and aminobenzoic 
acid, 1175 

and 17-ketosteroid excretion, 1089 

molar relationship of azo-pigment 
to, 335 

plasma and urine concentration, 
801-806 
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uridine diphosphate, 337 
and = formation, 875*, 
6* 


Glucuronide 
conjugating system, neonatal, 332- 
339 


formation, in vitro, 1125 
placental transfer, 1378 
plasma concentration and 
clearance, 802-806 
synthesis, 875*, 876* 
and defect in glucuronyl trans- 
ferase system, 1127-1129 
enzyme systems in, 332 
and uridine-diphosphate-glucu- 
ronic acid, 337 
Glutamic acid 
intake and plasma concentration, 
1712-1717 
urinary content, 318, 320 
Glutamine 
and purine compounds, 944* 
and — excretion of ammonia, 


renal 


Glutathione 
erythrocyte 
and ae rr eaeme, 1181- 
183 


B) 
in cord blood, 1436-1441 
and primaquine hemolysis, 929* 
reductase 
in blood, 214-218 
in tumors, 944* 
hereditary deficiency, 1176-1183 
Glyceraldehyde-phosphate, and glu- 
cose hepatic glycolysis, 1185 
Glycerol, metabolism, 619-625 
Glycine 
concentration in amyloidosis, 882* 
intake, and plasma concentration, 
1712-1717 
plasma iron response to, 1812 
in sprue, absorption and conver- 
sion to serine, 20-26 
uric acid from, 579-589 
in urinary nondialyzable 
Glycogen 
cardiac, and ACTH, 1557 
glucose formation from, 726 
in liver, 654 
Glycoprotein 
in amyloidosis, 883* 
mobility, and serum pH after ther- 
mal injury, 1740 
in pathologic sera, 893* 
and serum hexosamine, 856 
in synovial fluid, 715 
Glycosuria 
and phosphorus clearance, 372, 377 
in diabetes, 891*, 892* 
Goiter 
exophthalmic, 879* 
nontoxic, and_ triiodothyronine, 


solids, 


prevention by salicylate, 1147 
Gonadotropin, 319 
and citric acid metabolism in per- 
fused placenta, 1516-1522 
Gout 
erythrocytes, 944* 
and purine metabolism, 579-589, 
909*, 944* 
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and uric acid, 901* 
synthesis, 579-589 
Granulopoiesis 
control, and batyl alcohol, 913* 
plasma granulocytic activity, 878* 
Graves’ disease, and thyroid func- 
tion, 1603-1613 
Growth hormone. See 
growth hormone 
Guanine 
excretion in leukemia, 875* 
7-methylguanine derivation from, 
5 


83 
and uric acid, 587, 944* 


Pituitary 


H 
Hageman factor 
and glass factor, 911*, 923* 
in plasma protein fraction, 1323- 


and plasma thromboplastin ante- 
cedent deficiency, 149 
Hamman and Rich syndrome, pul- 
monary diffusing capacity 
in, 598-603 
Hashimoto’s struma and mucopoly- 
saccharide, 879* 
Heart 
action and plasma carbon dioxide, 


541 
in tachycardia, 1414-1417 

apical systolic murmurs, respira- 
tion in, 1596, 1597 

availability of blood and hyper- 
ventilation, 960, 961 

beat, after ammonium hydroxide 
loading, 1726 

block, and epinephrine and levar- 
terenol, 879* 

cation exchanges in, 885* 

cholinesterase inhibition in, 364 

contractility of actomyosin bands 
from, 465-469 

and exercise, 207, 208, 212, 503, 
504, 881*, 883*, 1589, 1696 

and fatty acid injection, 576-578 

and hexamethonium, 195-200 

in hypothyroidism, 502-509 

and intracellular osmolarity, 916* 

and isopropyl methyl phosphono- 
— (sarin), 354, 355, 


in left-to-right shunt, 212 
magnesium uptake, 880* 
muscle, 469, 1317 
and potassium concentration, 330, 
1317, 1 
and pulmonary artery occlusion, 
. 1085 


rate, 1414 
resistance, 944* 
in mitral stenosis, 195, 196 

in sickle cell disease, 492-494 

stroke volume, 195, 504, 505, 507, 
542, 881*, 883*, 884* 

succinoxidase activity, 919* 

Heart disease 

asymptomatic and anaerobic metab- 
olism, 1593 

and edema, 114, 687-697, 1241 

pressure- -volume loops and com- 
pliance, 914* 
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Heart failure 
anaerobic metabolism in, 1577-1591 
congestive 
and body composition, 687-697, 
1251-1254 
and exercise, 211, 509, 1581 
and = valvuloplasty, 1597- 


160 
and orthopnea, 507 
and thiamine deficiency, 1480 
ventilatory response to carbon 
dioxide, 923* 
oxygen consumption, 509, 1583, 
1589 


and plasma oncotic pressure, 1472, 
14 


and Valsalva maneuver, 1472, 1473 


Helium 


and lung diffusing capacity, 597 
in emphysema, 397, 398, 402 
and nitrogen, intrapulmonary mix- 

ing, 568-573 
Hematemesis, and portacaval anas- 
tomosis, 615-617 


Hematocrit 


and aldosterone, 1551 

in anemia, recovery, 917* 

after blood and casein ingestion, 
1 


after calcium infusion, 91 

and chloramphenicol, 1289 

after citrate infusion, 93, 94 

after hydralazine, 1107-1109 

and murine typhus toxin, 899* 
and norepinephrine, 1107-1109 

in pantothenic acid deficiency, 1646 
after phlebotomy, 883* 

after phosphorus, 93 

and plasma volume, 1468 

after plasmin therapy for clots, 868 
in pregnancy and _ puerperium, 


in pulmonary disease, 1166, 1167, 
1170 


renal intravascular, 1110 

after saline infusions, 1467 

in sickle cell disease, 488 

in Valsalva maneuver, 1468, 1470 
Hemochromatosis, and insulin bind- 
ing, 788, 791 
Hemodynamics 

saan sickle cell disease, 492- 


cerebral, and anesthesia, 285-292 

changes of, and blood flow in 
forearm, 838-845 

in congestive heart failure, 507 

coronary artery, 927*, 1415 

hepatic, in portacaval anastomosis, 
606-617 


hexamethonium effects on, 194-200 
in am and exercise, 
and isoproterenol, 881*, 882* 
in pulmonary hypertension and 
left-to-right shunt, 202-212 
renal 
and diuresis after calcium, 899* 
in transplanted kidneys, 186-193 
systemic, 927*, 1414 
and carbonic anhydrase inhibi- 
tors, 887* 
in tachycardia, 1414-1417 
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Hemoglobin 
in anemia, 167, 171 
naphthalene, 1179 
arteriovenous oxygen 
and exercise, 544 
and bilirubin, 887* 
in infants, 1408 
and catalase activity in iron de- 
ficiency, 834 
conversion to bile pigment, 887* 
excretion, 889*, 910* 
glomerular clearance, 910* 
and glucose-6-phosphate dehydro- 
genase deficiency, 1178-1181 
ionization and carbon dioxide 
breathing, 1672 
in pantothenic acid deficiency, 1646 
plasma, 622, 887*, 896*, 910* 
after plasmin therapy for clots, 868 
postoperative, 1632 
and hepatic venous oxygen con- 
centration, 610 
renal transport, ‘909* 
sarin, effects on, 361 
synthesis 
and 5 mesobilifuscin 


and phlebotomy, 883* 
and thermolabile factor, 913* 
tubular reabsorptive rate, 910* 
Hemoglobinemia, and erythrocyte 
destruction, 1212, 1213, 1222 
Hemoglobinuria 
causative factors, 910* 
and glycerol, 624 
ae nocturnal, 895*, 896*, 
00* 


Hemophilia, 897* 


difference 


excretion, 


Hemorrhage 

in cirrhosis of liver, 968, 971, 972 

diathesis, methionine, vitarnin K 
and vitamin K-S (II), 77- 
81, 84, 85 

gastrointestinal and nonprotein ni- 
trogen, 996 

hematocrit after, 1108 

in hyperlipemia, 809 

intramural, carotenoids and/or 


vitamin A, 164 
and plasma uric acid, 1810 
in pregnancy, 965-972 
and — K-S (II), 81, 82, 


and red cell-plasma transit times, 
1107-1110 

and renal resistance, 1108 

shock due to, 1426, 1433 

Heparin 

in blood coagulation, 1323-1330 

and hyaluronidase digestion of 
— fluids and mucins, 


mucopolysaccharides and, 862 

and plasma clearance of hyperli- 
pemia, 886* 

and = Biz uptake by liver, 


Hepatitis 
brucella endotoxin response in, 223 
viral, 216 
and glucuronide synthesis, 876* 
Heredity 
glucose-6-phosphate dehydrogenase 
deficiency, 1178, 118 





of glutathione instability, 1439 
leukocyte antigens, 908*, 1759-1761 
of mans, and cell fragility, 


Hexamethonium, hemodynamic ef- 


fects of, and mitral stenosis, 
194-200 


Hexosamine 


in amyloidosis, 846-857 

in breast cancer, 53 

in Hodgkin’s disease, 131 
hyaluronate in synovial fluid, 57- 


in leukemia, 130, 131 

mucopolysaccharide content, 862 

and nondialyzable solids, 318, 320, 
1660, 1661 

seromucoid galactosamine-glucosa- 
mine ratio, 51-56 

serum concentrations, 853-857, 

* * 


’ . 
and immunological _ reactions, 
896* 


Hexose 


balance studies after infusion, 754— 


concentration 
in amyloidosis, 882* 
and carbohydrate, 120 
in Hodgkin’s disease, 131 
monophosphate shunt and glucose 
hepatic glycolysis, 1185 
in diabetes, 1198 
in postmortem synovial fluid, 711 
protein-bound, 131, 277, 278 
affecting ribose synthesis, 1453 
synthesis, 653 
in urinary nondialyzable solids, 
318, 320, 1660, 1661 


Hexuronic acid 


and Cohn fractions, extraction, 


polysaccharide concentration in 
plasma in inflammation, 962- 


in synovial fluid, 62 


Hirsutism, and adrenocortical hy- 


perfunction, 794-798 


Histamine 


and erythrocyte destruction by an- 
tibodies, 1225, 1226 
and gastric secretion, 884*, 885* 
and lac.ic acid after epinephrine, 
norepinephrine, 477 
urinary excretion, 885* 
in imidazoleacetic ribose, 1455 


Histidine, intake and plasma con- 


centration, 1712-1717 


Hodgkin’s disease 


homografts in, 906* 
mucoprotein fractions in, 129, 131, 
properdin concentration in, 877* 
serum protein changes in, 893* 
tumor mass, 482 


Hormone 


See also specific glands; specific 
hormone 
androgenic, and hypertrichosis, 798 
antidiuretic 
and hyponatremia, 1401 
and secretion in adrenal and 
pituitary insufficiency, 1799, 
1801-1803, 1806 
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and solute excretion, 459, 460, 
879* 


and water reabsorption, 240, 241 
and fatty acid production, adipose 
tissue in vitro, 1560 
and intracellular proteolytic en- 
zyme activity, 926* 
metabolism, 905*, 906* 
thyroid 
and testosterone, 892* 
transplacental transfer of, 931* 
thyroid stimulating, and cortico- 
tropin, 1560 
Hyaluronic acid 
in amyloidosis, 883* 
— 860-863, 879*, 


synovial fluid, 57-63 
Hyaluronidase 
and chondroitin sulfate, 859, 880* 
synovial fluid hyaluronate content 
after digestion of, 57-63 
Hydralazine, and red cell-plasma 
transit, 1108, 1109 
Hydration 
after jejunal perfusion in uremia, 
823, 1825, 1826 
and urine osmolality, 462 
Hydrocortisone. See Cortisol 
Hydrogen ion 
and potassium 
intracellular exchange, 329, 330 
plasma concentration, 910* 
— of respiratory center, 
4, 


Hydropenia, solute and water ex- 
cretion in, 911* 
3a-Hydroxyandrostane-17-one. See 
Androsterone 
17-Hydroxycorticosteroids in ad- 
renal venous blood, 891* 
and conversion of 17-hydroxypro- 
gesterone to cortisol, 1344 
and SU-4885, 912* 
urinary excretion, 238-241, 1550 
and ACTH, 342 
postoperative, 1630, 1637 
and prolactin, 877* 
3a-Hydroxyetiocholane-17-one. See 
Etiocholanolone 
17a-Hydroxyprogesterone and ad- 
renal function, 1344-1346 
inhibition of cortisol binding, 513 
5-Hydroxytryptamine. See Sere- 
tonin 
Hykinone®. See Vitamin K 
Hyperbilirubinemia, of newborn, 339 
Hypercalcemia 
calciferol induced, and renal func- 
tion, 1702-1709 
parathormone, 893* 
and cortisone lack, 919* 
and renal calcium clearance, 907* 
phosphorus excretion, 304 
and renal concentrating ability, 
892*, 893*, 1702-1709 
sarcoid with, seromucoid hexos- 
amines, 53 
serum — ultrafiltration, 88, 


Hypercalciuria, and cortocoid ther- 
apy after prednisone, 937* 
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Hyperchloremia, and plasma pH, 
1677, 1678 
Hypercholesterolemia, 901* 
in amyloidosis, 855 
in nephrotic children, 182, 183 
seromucoid hexosamines, 52 55 
Hyperemia 
and forearm blood flow, 839, 844, 
1039-1048 
and isopropyl methyl phosphono- 
fluoridate (sarin), 354 
Hyperferremia and xanthine oxi- 
dase, 1810-1813 
Hypergammaglobulinemia, and am- 
yloid deposits, 855 
Hyperglobulinemia, and gout, 580 
Hyperglycemia, 886* 
in diabetes during sleep, 926* 
osmotic diuresis of, and urine for- 
mation, 
phosphate excretion, 378 
Hyperkalemia, after jejunal perfu- 
sion, 1823 
potassium concentration in, 702- 
707, 132 


and sodium depletion, 330 
and thrombocytosis, 694-707 
Hyperlipemia 
and diabetes, 886* 
nephrotic, 182 
hypoalbuminemia in, 808-812 
physiologic changes, 915* 
postprandial, 921* 
serum fatty acids, electrophoretic 
partition of, 1777, 1778 
Hyperparathyroidism 
osteoporotic, calcium uptake in, 
891* 


serum calcium, 92 
Hyperphosphatemia, serum calcium 
content in, 92, 93, 96, 97 
Hyperplasia 
adrenal, 0124, 1343-1346 
and corticoid therapy, 937* 
steroid metabolism, 889* 
erythroid, delta-aminolevulinic acid 
excretion in, 935* 
Hyperpnea of exercise, 1693 
Hyperpotassemia. See Hyperkale- 
mia 
Hypertension 
wears hg synthesis, 1524— 
3 


blood volume in acute, 426-429 

and chlorothiazide therapy, 902* 

desoxycorticosterone induced, 660 

juxaglomerular cell granulation in, 
660-670 


levarterenol-induced, 427 
and lung volume in obesity, 1054 
and magnesium loading, renal ef- 
fects of, 1364, 1365 
portal 
in alcoholic cirrhosis, 925* 
in portacaval shunt, end-to-side, 
606-61 


and potassium deficiency, 941* 
pulmonary 

and acetylcholine, 106, 107 

and acute hypoxemia, 1085 

and blood flow during exercise, 


and enlarged cardiac silhouettes, 
506 
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in left-to-right shunt, 203-205 
and mitral stenosis, 194- 
and pyelonephritis, 930* 
renal, ae 669, 670, 882*, 903*, 
917* 


juxtaglomerular indices in, 662 
systemic, 206, 1596 

and mitral regurgitant flow, 38 
tissue electrolytes in, 941* 
and — in forearm, 


Hyperthyroidism 
circulation time in, 507 
epinephrine test, 919* 4 
intrathyroidal iodine in untreated, 
932* 


in pregnancy, amelioration of, 156 
respiratory adaptations in, 938* 
seromucoid hexosamines, 53 
and survival time after trauma, 
and urinary corticoids, 738 
Hyperventilation 
and atrial pressure, 890* 
and blood 
availability to heart, 960, 961 
oxygen consumption, 244-252 
pH, 500 
carbon dioxide, 1539 
and a volume change, 958- 


cerebral response, 765-767 

and exercise, 1580, 1587 

and fructose infusion, 756 

intrapleural pressure during, 890* 
and phentolamine, 1541 

and lactate-pyruvate ratio, 244-252 

in metabolic acidosis, 642-644 

venous pressure in, transmural 

central, 1537-1541 
Hypoalbuminemia 

in children, 682-686 

and hypercalcemia, 89 

in — hyperlipemia, 182, 808- 


and renal amyloidosis, 855 
urinary excretion of albumin in, 55 
Hypocalcemia 
and ammonium citrate toxicity, 498 
and serum calcium in renal dis- 
ease, 89, 96 
Hypocalciuria, and uric acid stones, 
901* 


Hypocapnia 
and diastolic distensibility of ven- 
tricle, 890* 


pyruvate change during 251 
Hypochloremia, in respiratory aci- 
dosis, 1667-1675 
Hypogammaglobulinemia 
and ABO-incompatible cells, 1220 
after thermal injury, 1740-1743 
Hypoglycemia 
and ACTH, 1557 
and cortisone, 1385, 1389-1392 
in diabetes, 627-630 
during sleep, 925* 
and glucose, 726, 930* 
and growth hormone, 1557 
after insulin, 1385 
intraportal secretion, 631-639 
ribose concentration, 723, 725 
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Hypoglycemia (cont'd) 
and splanchnic — metabo- 
lism, 1389-1392 
phosphate excretion, 378 
Hypokalemia, in pantothenic acid 
deficiency, 1646 
Hyponatremia 
in adrenal hyperplasia, 889* 
in edema, 1251-1254 
and electrolyte losses after je- 
junal perfusion, 1823 
and sodium depletion, 1253, 1399- 
1401 


Hypoparathyroidism ma 
glutathione reductase activity, 216 
serum calcium ultrafiltration, 88- 


Hypophysectomy 
estrogen excretion 
ACTH, 342-349 
sulfation factor activ ity after, 888* 
and urinary nitrogen excretion 
after prolactin, 877* 
Hypoplasia 
of bone marrow, 1292 
and chloramphenicol 
1290 


after, and 


toxicity, 


erythroid, delta- aminolevulinic acid 
excretion in, 
Hypoproteinuria 
seromucoid hexosamines, 52 
oe oe ultrafiltration, 88, 


Hypoprothrombinemia 
and vitamin K, 72, 84 
and methionine, 71, 84 
Hypotension 
and carbonic anhydrase inhibitors, 
887* 


and endotoxin in irreversible hem- 
orrhagic shock, 1430-1433 
of high spinal anesthesia, and blood 
flow, 289-292 
Hypothalamus, irradiation, 878* 
Hypothermia 
and forearm pressure and volume, 


hematologic changes during, 1-7 
and serum potassium concentra- 
tion, effect of blood cells on, 
705-707 
Hypothyroidism 
hemodynamic studies, 502-509 
serum thyroxine-binding capacity 
in, 892* 
Hypoxanthine 
concentration and xanthine oxidase 
acceptors, 1814 
conversion of nucleotide, 944* 
oxidation to uric acid, 587 
plasma iron Tepes to, and to 
purine, 1811, 1812 
and plasma uric acid, 1811 
Hypoxia 
and acetylcholine effects, 103-106 
and pulmonary hypertension, 107 
and diffusion gradient for oxygen, 
1075 
and exercise, 259 
and hyperventilation, 249 
and oy ee ratio, 244- 


and pulmonary collateral blood 


flow, 99-108, 1080-1085 


SUBJECT INDEX TO VOLUME XXXVII 


I 
Tleum ' 
mineral and water concentration 
in, 
pain, 28-33 


rheobase intensity, 31-33 
uric acid riboside phosphorylase 
in, 
seine acid, 902* 
and ribose synthesis, 1457-1459 
Immune reactions 
in amyloidosis, 848 
common cold, 904* 
and streptokinase clearance, 1314 
Infant 
bilirubin, 338 
in jaundice, 876* 
serum-spinal fluid ratios, 
1411 


1403- 


congenital adrenal hyperplasia, 
889* 


cytomegalic inclusion disease of, 
927* 


erythroblastosis, 1404-1408 
and familial leukoagglutinins, 1759 
glucose and fructose metabolism, 
752-761 
——, 9 re ability, 
32 337, 876* 
glutathione en tity in, 1181-1183 
and age, 1438-1440 
phenolphthalein conjugation, 335 
serum protein, thyroxine-binding, 
53-159 
Infection 
fibrinolytic enzyme system in, 972 
and insulin binding, 789 
and pantothenic acid deficiency, 
1644-1646 
properdin systems in, 876*, 877* 
renal, and hypertension, 1686-1692 
serum hexosamine concentrations 
in, 896* 
urinary and chloramphenicol, 1287 
Influenza, Asian virus, 931* 
Injury. See Trauma 
Inosine 
and erythrocytes 
and glutathione, 1439 
osmotic resistance, 1293-1296 
me) tabhiee 978, 980, 1485- 


plasma iron response to, 1812 
synthesis, 944* 
and of uric acid, 587 
Inositol phosphatide of phospho- 
lipid, 1841 
Insulin 
and amino acid metabolism, 907* 
antibodies, nonprecipitating, 783- 
and arabinose distribution, 732 
binding by human serum, "783-785, 
789-791 


and blood ribose concentration, 
722, 723, 733 

and glucose. See Glucose 

half-life, in vivo, 922* 

and hypoglycemia, 631-639 

and ketone metabolism, 1382, 1383 

and lyxose distribution, 724 

ss of, by placental tissue, 





muscle membrane, hyperpolariza- 
tion of, 944* 

acd phosphate clearance, 372-374, 
376 


sequestration of, by peripheral tis- 
sue, 922* 
and serum amylase, 889* 
and p-xylose, 724, 732 
Intestine. Sce Gastrointestinal tract 
Inulin 
clearances, 929* 
after calcium infusion, 295, 296 
and glomerular filtration, 549- 


in glucosuria, 528 
after magnesium loading, 1364- 
1369 


and mercurial diuresis, 550 
after parathormone, 893* 
and potassium excretion, 553 
in pregnancy and puerperium, 
1765-1769 
and sodium bicarbonate, 551 
and vasopressin dosage, 458-463 
space, 8-19 
after desoxycorticosterone, 66-69 
Iron 
concentration, after phlebotomy, 
883* 
deficiency anemia, and catalase in 
erythrocytes, 833 
and endotoxin uptake, 449 
metabolism ae chloramphenicol, 


plasma, in erythropoietic depres- 
sion, 

and radiomanganese turnover, 1302, 
1304 


tissue release after xanthine oxi- 
dase, 1809-1817 
in urinary nondialyzable solids, 
2 
Irradiation, and thrombocytopenia, 
904* 


Isoleucine 
intake and plasma concentration, 
1712-1717 
in a nondialyzable solids, 318, 
3 


Isoniazid, and blood ammonium- 
nitrogen concentrations, 416- 
418 


Isoprenaline, adsorption from plasma 
by alumina, 410-413 
Isopropyl methyl phosphonofluori- 
date, cholinesterase inhibi- 
tion, 350-367 

Isoproterenol, hemodynamic effects, 
881*, 882* 


J 
Jaundice 
bile in, 1126, 1127 
bilirubin excretion in, 1124, 1126 
congenital, and glucuronide forma- 
tion defect, 1123-1129 
of newborn, 332, 876* 
obstructive, sterol metabolism, 884* 
Jejunum 
calcium content in gargoylism, 141 
perfusion of isolated, in uremia, 
1818-1835 
Joint, Gaseoe i sodium clearance, 

















K 
Keto acid 
in placentas, perfused, 1517, 1519 
in tricarboxylic acid cycle, 1002 
11-Ketoetiocholanolone, excretion, 
905* 


carcinoma of prostate, 933* 
Ketone bodies 

blood, in diabetes, 1008, 1009 

glycolytic pathways, 1198 

metabolism, 1379-1392 
Ketosis 

and ACTH, 1557 

and cortisone, 1392 

diabetic, 1201 

and fasting, 119 

and growth hormone, 1557 

glucose formation in, 1006-1008, 


13, 1014 
and insulin, 1391, 1392 
17-Ketosteroids 
and ACTH, 342 
and adrenal hyperplasia, 890* 
in hyperthyroidism, 737, 738 
produce in hirsute women, 795- 


urinary excretion, 933*, 1088, 1550 
and age, 1089-1091 
and aldosterone, 239 
in identical triplets, 905* 
in myxedema, 737, 738, 741 
in pantothenic acid deficiency, 
1648, 1656 
after prolactin, 877* 
in prostatic carcinoma and cor- 
tisone, 933* 
in thyrotoxicosis, 741 
Kidney 
aldosterone release, 232 
postphlebotomy, 240, 241 
ammonia-producing enzyme sys- 
tems, 1615-1626 
amyloid in, 847 
arterial constriction, 664 
and glomerular filtration rate, 
549, 550 
bilirubin crystals in, 
rats, 1126 
cholinesterase inhibition, 364 
Saber of erythrocytes and 
plasma, 1106-1110 
clearance 
of chylomicrons, 575-578 
and parathyroid extract, 90-92, 
907* 


of radioiodine, 382-384 
of salicylates, 803-806, 1141 
concentrating ability and calciferol, 
1702-1709 
denervated, 191, 192 
disease 
and acid-base balance, 640 
and blood pH, 1238-1242 
and hypocalcemia, 89, 96, 97 
magnesium loading in, 1365 
plasma catechol concentration in, 
409-413 


in jaundiced 


endotoxin uptake in shock, 1428 
erythrocyte distribution in, 912* 
excretion 

phosphate, 369-378 

potassium, 548-555 

salicylates, 804-806 

sodium, 232, 550, 1238 
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fucose catabolism in, 930* 
function ; 
and antigen-antibody 


in hypertension, 903*, 917*, 930*, 
931* 


release, 


and Escherichia coli infection, 
1686-1692 
and oxygen consumption, 886* 
and plasma catechol amine con- 
centration, 409-413 
in os er A and puerperium, 
1 


in respiratory acidosis, 883* 
and serum calcium concentra- 
tion, 141, 294-305, 893*, 
1702-1709 
after transplant, 185-193, 917* 
and glutathione reductase, 215, 216 
inulin uptake and destruction, 11- 


ischemic, juxtaglomerular granula- 
tion, 663, 669, 670 


and osmotic pressure of urine, 
878* 


plasma albumin, 912* 
rates of anaerobic metabolism and 
anoxia, 903* 

reabsorp: on 
of bicarvonate, 883*, 929*, 930* 
of water, 893* 

stone, — ammonium secretion, 

ok 


sucrose uptake and destruction, 
11-14, 18, 19 
transport of hemoglobin, 909* 
tubules 
after calciferol, 1704-1708 
in hypertonic urine, 
and salicylates, 805, 806 
uric acid ribose phosphorylase in, 
oie 


water, 878*, 893* 
activity in, and intracellular os- 
molarity, 916* 
Kwashiorkor, and hypoalbuminemia, 
82-686 


L 
Lactate 
concentrations and anesthesia, 901* 
and epinephrine infusion and hista- 
mine, 477 
and malate dehydrogenases of 
serum, 672-681 
metabolism, and fructose versus 
glucose, 758-761 
and norepinephrine, 481 
and pyruvate blood ratios 
in anaerobic metabolism, 
271, 1579-1581, 1594 
in congestive heart failure, 1578- 
1580 


and exercise, 255-262, 1578-1580 

and hyperventilation, 244-252 

in hypoxia, 244-252, 255-271 

and low-oxygen gas breathing, 
264-2: 


244- 


and ribose synthesis, 1458 
Lactose 
from glucose, 930* 


Laennec’s cirrhosis. See Cirrhosis 


Lead, in urinary nondialyzable solids, 
1 
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Lecithin, isolation, from platelet, 
1837-1847 
Leucine 
intake and plasma concentration, 
1712-1717 


and proteolytic enzyme activity, 
926* 


urinary excretion, 318, 320, 1618 
Leukemia 
cytosine excretion in, 875* 
formiminoglutamic acid excretion 
in, and amethopterin, 829- 


glutathione reductase activity, 216 
histiocytic mucoprotein fractions, 
128-130, 134, 135 
and hyperkalemia, 701 
leukocytes, 886* 
lymphatic, and vitamin By bind- 
ing, 563-565 
lymphocytic, 128-130, 134, 135, 560 
guanosine and inosine excretion, 
875* 
plasma_ granulocytic activity, 
878* 
monocytic, 560, 563-565 
mucoprotein fractions in, 128-130, 


34, 1 
myeloid, 703, 704, 707 
plasmocytic, 132 
properdin concentration in, 877* 
response to allicin, 941* 
serum malic and lactic dehydro- 
genase, 674-676 
urinary cytidylic acid in, 875* 
vitamin Bie binding, 558 
pote fractions of serum, 563- 


Leukocytes 

agglutination, in identical twins, 
908* 

in pregnancy, 1757 

antigens, genetics of, 908* 

and erythrocytes 
antibody destruction, 1204-1226 
in ae marrow, 877*, 1564- 


fetomaternal incompatibility, 1756- 
1763 


fibrinogen concentration and plas- 
min, 865, 
in hypothermia, 3-7 
in leukemic sera, 886* 
and — Bw binding, 560- 


polymorphonuclear and E. coli 
endotoxin, 455 
and sarin effects, 361 
and serum concentration 
of hexosamine, 896*, 897* 
in hyperkalemia, 705-707 
after Shigella toxin injection, 
1101-11 


transfer of sensitivity factor, 1206, 
1207, 1212 
in vitro effects on, and allicin, 941* 
Leukopenia 
and ABO-incompatibility, 1203- 
1209 
and chloramphenicol, 1290 
and destruction of red cells, 1213, 
1220, 1225, 1226 
and endotoxin uptake, 1100-1104 
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Leukopenia (cont’d) 
and erythropoietic depression of 
bone marrow, 1292 ’ 
and immune hemolysis in vivo, 
1219 
after on treatment of clots, 


and pyrogenic response after trans- 
fusion, 1222 
and serum hexosamine concentra- 
tion, 896*, 897* 
Levarterenol. See Norepinephrine 
Linoleic acid 
in blood and atheromatous plaques, 
plasma turnover, 1509, 1510 
Lipid 
See also Cholesterol ; 
nonesterified 
in amyloidosis, 882* 
and atherosclerotic lesions, 
165, 1 
blood concentration 
in azotemia, 854 
—""* injection, 575— 


Fatty acids, 


160- 


and coagulation, 920* 

and dietary fats, 908* 

in nephrotic hyperlipemia, 809, 
916* 


in pantothenic acid deficiency, 
1650 
and lipoproteins in Cohn fractions 
III and IV-1, 680 
synthesis, 1185-1194 
in diabetic liver, 1196-1201 
pathways, 1185, 1192 
urinary excretion, 317, 318, 320 
Lipoproteins 
alpha, 175-177 
peptide moieties, 182-184 
in postmortem synovial fluid, 717 
beta, 175, 182, 717 
and blood clotting time, 920* 
post thermal injury, 1740 
of Cohn fractions III and IV-1, 
679-681 
permeability, and edema, 713 
serum fractions, 278 
in hypoalbuminemia, 55 
in nephrotic syndrome, 172-184 
1775-1782 
Liver 
blood flow 
collateral, and vascular resist- 
ance, 925* 
and epinephrine, 840 
in portacaval shunt, 606-617 
bromsulfalein storage, 942* 
in chloramphenicol toxicity, 1288 
cholesterol, 364 
tritium concentration and squal- 
ene, 657 
after chylomicron injection, 575- 


cirrhosis. See Cirrhosis 
in cortisol metabolism, 739-742 
diabetic, lipogenic defect, 1196-1201 
disease 

blood ammonia _ concentration, 

991-997 

mesobilifuscin in, 896* 
serum calcium ultrafiltration, 88, 
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sodium concentration in, 1237, 
1238 
endotoxin uptake, 443 
in shock, 1428 
enlargement, 615-617 
and fructose uptake and con- 
version to glycogen, 760, 
930* 


and hexose infusion, 756 
enzymes and inflammation, 944* 
function, in shock due to infection, 

1795 


glucose-6-phosphate after partial 
hepatectomy, 1458 ; 
glucuronyl transferase activity, 


332, 876* 
glycogen breakdown, 731-733 
and glutathione reductase, 215, 217 
and hepatic vein circulation time, 
+1856 
and intracellular osmolarity, 916* 
iron release into plasma and xan- 
thine oxidase, 1813 
insulin effects, 631-639 
in jaundice. See Jaundice 
lipid, glycolysis and _ synthesis, 
1185-1194 
manganese uptake, 1271-1276 
intracellular exchange, 1273-1276 
a, HEME of bilirubin, 


oxytetracycline storage, 910* 
platelet counts and hypothermia, 2 
as sequestration site, 4, 6 
reticuloendothelial system and al- 
bumin, 897* 
ribose metabolism, 733, 1458, 1459 
sequestration of labeled red cells 
in vitro, 1213-1215, 1225, 
1226 
and serum amylase, 889* 
and spleen circulation time, 1851 
and uric acid, 909* 
in gout, 944* 
vitamin By uptake, intrinsic factor 
effect on, 646-649 
Lung 
abscess, properdin concentration in, 
877* 


blood flow, 99-108 
collateral, 894*, 1072 
cancer and collateral blood flow, 
894*, 1072, 1084 
11-ketoetiocholanolone, 933* 
capillary pressure and hexametho- 
nium, 199 
carbon dioxide tension in, 597-601 
in cardiorespiratory diseases, 914* 
after — injection, 575- 


compliance, 112-116, 935* 
and charcoal powder breathing, 
1748-1754 
in sleep, 987 
diffusing capacity of 
for carbon monoxide, 
926*, 1065 
in disease, 488, 591-604 
and exercise, 257, 545, 594, 1061- 
1069, 1693-1700 
measurement of, 394-407, 569, 
570, 597, 60 
after oxygen breathing, 308-313 
and posture, 1061-1069 


394-407, 


disease 
and alveolar hypoventilation, 
and cortisone, 1058 

edema, 111-117 

in emphysema, 397-404, 570 

endotoxin uptake, 1428 

fatty acids, nonesterified, uptake, 

76-578 


glutathione reductase of, 215 
nitrogen displacement by oxygen 
from, 306-313 
in obesity, 1049-1060 
oxygen uptake, 256, 545, 1074 
in Hamman and Rich syndrome, 
598, 600, 603 
platelet count and hypothermia, 2 
resistance, 1747-1755 
and “dry” heat exposure, 936* 
and hexamethonium, 197-200 
in hypothyroidism, 504-507 
and isoproterenol, 882* 
in left-to-right shunt, 203, 204 
and smoking, 356, g05* 
tuberculosis, 216 
and vitamin Bw binding, 560 
vasoconstriction in hypoxia, 106 
vital —? 488, 493, 914*, 935*, 


volume, 1693-1696 
after aerosol breathing, 1746- 
1755 
and airway conductance, 1279- 
1285 


after aluminum powder breath- 
ing, 1750, 1752-1754 

after dust particle breathing, 
17 54 


Lupus a disseminatus, 
a fractions in, 129, 134, 


seromucoid galactosamine-glucosa- 
mine ratio, 53 
serum nucleohistone, 876* 
serum protein-bound hexoses, 132 
Lycine 
intake, and plasma concentration, 
1712-1717 
urinary excretion, 318, 320 
Lymph 
drainage, in cardiac edema, 1473 
a and oxygen capacity, 


nodes, and allicin, 941* 
properdin concentration in, 877* 
red blood cells after platelet infu- 
sion, 
Lymphoblastoma, mucoprotein frac- 
tions in, 129, 131 
Lymphosarcoma, mucoprotein frac- 
tions in, 129, 134, 135 
Lyxose, insulin response, 724, 732 


M 


Macroglobulinemia, multiple serum 
proteins, 893* 
Magnesium 
and calcium excretion, 1367 
daily requirement of adult, 439 
excretion of, 929* 
1827, 


after jejunal perfusion, 
1828 














after magnesium loading, 434- 
439, 1362-1372 
tissue uptake, 880*, 1301-1304 
tubular reabsorption of, 1366 
and urinary nondialyzable solids, 
1662 


Malabsorption syndrome, formi- 
minoglutamic acid excretion 
in, 915* 
Malic acid 
blood concentration, 121-125 
in a. ae from actetate, 
0 


and lactic dehydrogenase of serum, 
672-681 


in tricarboxylic acid cycle, 1002 
Manganese 

metabolism, 1269-1276, 1298-1304 
Mannitol 

in amyloidosis, 882*, 883* 

urinary excretion, 318, 320 

and vasopressin, 458-463 
Melena, and portacaval anastomosis, 

615-617 


Menadione, and blood clotting fac- 
tors, 76, 77 
Meralluride, in alkalosis, 1017, 1018 
and water diuresis in adrenal and 
=" insufficiency, 1802- 


Mercuhydrin®. See Meralluride 
Mercury, diuretic response, and acid- 
base balance, 1016-1022 
Mesobilifuscin, in liver and biliary 
disease, 896* 
Metaplasia, myeloid 
mucoprotein fractions in, 129 
and “a0 acid production, 580, 585, 


and vitamin Bi binding, 560 
Methimazole, and thyroid uptake in 
hyperthyroidism, 932*, 1605 
Methionine 
blood clotting accelerator activity, 
70-85 


intake, and plasma concentration, 

1712-1717 ‘ 
placental transfer, 1095 

nine: an and atrial pressure, 


2-Methyl-1,2-bis(3-pyridyl) -1-pro- 
panone, inhibition of 11f- 
hydroxylation, 912* 
7-Methyl-8-hydroxyguanine, 585 
S-(2-Methyl-1, 4- -naphthoquinonyl- 
3) -8-mercaptopropionic 
acid. See Vitamin K-S 
(IT) 
Mitochondria, in manganese metabo- 
lism, 1274, 1276 
Mitral valve 
insufficiency, 35-39, 891* 
and norepinephrine, 37-39 
regurgitation and aortic constric- 
tion, 36, 38 
stenosis of, 35-39, 890*, 891* 
and hexamethonium, 194-200 
Morphine 
lung compliance and_ resistance 
changes after, 114 
and placebo, postoperative pain 
relief, 53 
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Mucin, and synovial fluid hyaluro- 
nate, 57-63 
Mucopolysaccharides, acid 
alkaline fractionation, 56 
dermis content, 858, 860 
measurement, 858-863 
plasma 
in Cohn fractions, 678-681 
in inflammation, 962-964 
after thyrotropin, 878* 
Mucoproteins 
in hematologic disorders, 127-136 
serum, hexosamines of, 51-56 
Mumps, 931* 
Muscle 
in alveolar hypoventilation, 1058 
and anesthesia, 901* 
ataxia, 354 
and thiamine deficiency, 1480, 
1482 
a concentration, 1118- 
and blood ammonia, 933* 
cholinesterase activity, 351, 364 
chylomicron uptake, 575-578 
electrolytes and water after carbon 
dioxide, 1114 
after desoxycorticosterone, 67-69 
facial, Rony cerebral vasodilatation, 


fat concentration, 939* : 

fucose catabolism in, 930* 

heart, contractility of actomyosin 
bands from, 465-469 

and insulin, 906*, 907*, 944* 

and isopropyl methyl phosphono- 
fluoridate (sarin), 354, 364 

and intracellular osmolarity, 916* 

lactate accumulation and epineph- 


rine, 
norepinephrine - induced _contrac- 
tions, 936* 
function, 


paralysis and ventilatory 
773-781 


phosphurylase, 675 

in respiratory acidosis, composi- 
tion, 1115-1121 

skeletal, in muscular dystrophy, 
939* 


temperature, and oxygen uptake in 
forearm, 
Myalgia Fg brucella endotoxin, 222- 
30 


Mycolic acid, isolated from pine 
pollen, 888* 
Myeloma 
properdin concentration in, 877* 
serum proteins, 281, 282, 893* 
hexosamine, 896* 
— fractions, 129, 134, 


—— myelogenous leukemia, 


Myocardium 
blood flow, 877*, 884* 
and exercise, 508, 509 
oxygen uptake, 
and tachycardia, 1415 
sex differences, 927* 
Myxedema 
and alveolar hypoventilation, 1058 
insulin binding in, 791 
17-ketosteroid excretion, 738 
and lung volume in obesity, 1054 
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and mucopolysaccharide after thy- 
rotropin, 878* 

and plasma cortisol, 738, 739, 742 

and salicylates, 1134, 1137 

seromucoid hexosamines, 52, 53, 55 

and thyroid turnover rate, 1350- 
1355, 1608 


N 
Naphthalene, hemolytic anemia, 
1179, 1183 
Necrosis 
in atherosclerosis, 162 
hepatic, 889* 
and carbon tetrachloride, 876* 
tubular, persistence of antibiotics 
in blood, 908* 
Neomycin, sprue-like syndrome dur- 
ing therapy, 893* 
Neoplasm. See Cancer 
Neostigmine, sensitivity to, 350, 352 
Nephrectomy 
intracorpuscular defect following, 


obstruction, and albumin catabo- 
lism, 897* 
sucrose recovery after, space and 
procedure comparison, 11, 
Nephritis 
and --nyloidosis, 847 
galactosamine-glucosamine _ ratio, 
gouty, insulin binding in, 791 
Nephrosis 
galactosamine-glucosamine _ratio, 


hematocrit and oxygen capacity, 
1168 


and hypoalbuminemia in hyper- 
lipemia, 808-812 
lipoid, 922* 
lipoproteins in, 172-184 
reversibility of, 922* 
serum fatty acids, electrophoretic 
partition, 1775-1782 
and steroid therapy, 908*, 909* 
Nervous system 
central 
and alveolar hypoventilation, 
and glycerol, 625 
and isopropyl methyl phosphono- 
fluoridate (sarin), 353-355 
craniocervical sympathetic cerebral 
circulation, 771 
disorders 
and blood or casein ingestion, 
99 7 


and brucella endotoxin uptake, 
2. 


formiminoglutamic acid excre- 
tion, 830 

and ketone metabolism, 1389, 
1390 


and serum sodium concentration, 

1239-1242 
and thiamine deficiency, 1479, 

0, 1482 

and norepinephrine, 484 
Nickel 

and manganese metabolism, 1302 
and urine nondialyzable solid, 1662 
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Nicotinic acid 
and cerebral circulation, 765, 767 
and contractility of actomyosin 
bands, 465-469 
Nitrofurantoin, erythrocyte sensi- 
tivity to, 929* 
Nitrogen 
amino acid, plasma concentration 
in sprue, 21-26 
and ammonium uptake, 414-423 
antibody in amyloidosis, 853 
balance, 937* 
and caloric intake, 1400 
and carbon dioxide breathing, 
1669, 1671 
after jejunal perfusion, 1820, 
1826, 182 
and Lugol’s solution, 1450 
and pantothenic acid, 1649, 1655 
and protein intake, 1445 
and salicylates, 1140 
and blood storage, 977 
collagen, in muscular dystrophy, 
939* 


concentration 
in amyloidosis, 882* 
in bone, 1357-1360 
after oxygen breathing, 306-313 
displacement by oxygen from nor- 
mal lungs, 306-313 
excretion, 877* 
and aldosterone, 1551 
and magnesium intake, 434-439 
after neomycin, 893* 
and helium, intrapulmonary mix- 
ing in emphysema, 568-573 
and hexosamine ratios in synovial 
fluid, 59 
and jejunal perfusion flow rates in 
uremia, 1826 
loss of, 921* 
metabolism and_ triidothyronine, 
1447 
nonprotein, after casein or blood 
feeding, 
and isopropyl methyl phosphono- 
fluoridate (sarin), 
precipitable antibody, 854 
in urinary nondialyzable solids, 
317, 318, 320, 1660, 1661 
Nitroglycerin, and relief of ischemic 
pain, * 
Nitrous oxide 
absorption, and cerebral blood 
flow, 
and water diuresis, inhibition, 875* 
of vessel wall, in clot lysis, 867 
Nonesterified ‘fatty acids. See 
Fatty acids, nonesterified ; 
and Piasma, fatty acids, 
nonesterified 
Norepinephrine 
and acid-base balance, 879*, 936* 
adsorption from plasma by alu- 
mina, 410-413 
and arterial blood pressure, 478 
after kidney transplant, 917* 
and red_ cell-plasma_ transit 
times, 1108 
and atrial pressure, left, 37-39 
and cardiac output, 481 
and — blood flow, 45, 841- 


aometeeaiarc changes due to, 425- 
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in mitral insufficiency, hemody- 
namic responses, 37-3 

plasma concentration in renal in- 
sufficiency, 409-413 

renal resistance and hematocrit, 
11 


and venous pressure, 45 
Nucleotides 
See also specific nucleotides 
binding, in serum, 876* 
synthesis, in primary gout, 587-589 
Nutrition 
glycerol, 625 
potassium requirements, 1651 
protein intake 
and albumin metabolism, 682- 
686, 1442-1451 
and plasma amino acid concen- 
tration, 1710-1716 
serum calcium ultrafiltration, 88 
Nystagmus 
and thiamine deficiency, 1480, 1482 
in Wernicke’s encephalopathy, 1479 


Oo 
Obesity 
and dietary intake, 1443 
ees and oxygen capacity, 
116, 


and pulmonary function, 206, 1049- 

1060, 1167, 1643 

Oophorectomy, and estrogen excre- 
tion in metastatic breast 
cancer, 341-349 

Orcinol, carbazole, uronic acid de- 
termination with, 860-863 

Orinase®. Sce Tolbutamide 

rr, plasma __ concentration, 


Orotic acid, biosynthesis of, 932* 
933* 


Ostecporosis 
in acromegaly, 891* 
senile, and dietary intake, 1443 
in thyrotoxicosis, 891* 
Oxalacetate 
malic and_ lactic dehydrogenase 
= in leukemia, 674- 


in tricarboxylic acid cycle, 1002 
Oxygen 
arterial, 209, 544, 1694, 1695 
and acetylcholine, 100-107 
and aminophyllin, 884* 
and circulation time, 540 
in <r geen 244-252, 960, 
61 


in obesity, 1050, 1053 
and temperature, 1031-1038 
arteriovenous difference, 504, 507, 
5, 546, 884*, 1580 
and anaerobic metabolism, 1582- 
1591, 1594, 1595 
hepatic, 610 
in hyperemia, 1040, 1044, 1045 
in hypothyroidism, 503-509 
in mitral stenosis after hexa- 
methonium, 195 
in myxedema, 509 
in pulmonary insufficiency, 1167, 
1173, 1174 
and sex, 927* 
in blood storage, 916*, 977 


cell deficiency, and lactic dehydro- 
genase, mY 
consumption, 884*, 898*, 916*, 1581 
in anemia, 167 
and aortic insufficiency, 471-475 
and blood pH, 248 
and oat ge output, 504, 545, 546 
cerebral, 
and mare flow, 473-475 
and epinephrine, 918* 
and gas breathing, 268 
in heart disease, 1594, 1595 
in heart — 507, 1580, 1587, 
in hypertension, 206-208 
and hyperventilation, 248 
in hypothyroidism, 938*, 507 
in hypoxia, 265-267 
myocardial, and _ tachycardia, 
1415 
in pulmonary disease, 206-208, 
1167-1170 
and pyruvate, 246, 247 
in shunt, 203, 204, 606-617 
and radiothyroxine disappear- 
ance, 1137, 1141 
in renal failure, 886* 
and serum salicylate concentra- 
tion, 1132, 1133 
splanchnic, 138.?-1387 
in — encephalopathy, 


and exercise, 208, 209, 256-259, 
262, 503, 540-546, 598-600, 
1580, 1589, 1693-1695 
intake 
and age, 540, 542, 1167 
and blood flow, 609-615, 770, 
894*, 1074, 1077, 1080 
and blood pH, 542, 545 
and cardiac output, 540, 542, 
1590 
in collateral pulmonary circula- 
tion, 894* 
and diffusing capacity, 598-600 
maximal, 538-546 
in reactive hyperemia, 1039-1048 
ee and xanthine oxidase, 


myocardial metabolism of, and 
tachycardia, 1415 
nitrogen displacement from normal 
lungs, 306-313 
in sickle cell anemia, 486-494 
tension, 542 
alveolar, 988 
and erythrocyte formation, 1815 
intravascular, 486-494 
in pulmonary disease, 1169, 1174 
in sleep, 984, 985 
transport from lungs to tissues in 
emphysema, 924* 
Oxyhemoglobin, dissociation curve, 
in sleep, 988 
Oxytetracycline, hepatic metabolism 
of, 910* 


P 


Pain, threshold studies, 28-33 
Palmitic acid 
and erythrocyte interaction, 1729- 
1735 


in atheromatous plaques, 1155- 
1164 




















metabolism, 1504-1514 
ieee in chylomicron, 1333- 
1341 


Pancreas 
cancer and serum cholesterol, 884* 
and serum amylase, 
Panhypopituitarism, body compo- 
sition in, 688, 1238 
and sodium cencentration, 1251- 
1254 


Pantothenic acid, deficiency, 1643- 
1656 


Para-aminohippurate clearance 
and acetazolamide, 929* 
after calcium, 295-296 
and glomerular filtration, 551 
after kidney transplantation, 186 
after magnesium loading, 1364, 
1365 


in pregnancy and _ puerperium, 
1765-1769 
Paralysis 
and pulmonary function, 773-781 
in Wernicke’s encephalopathy, 


Parathion, and cholinesterase, 350, 
? 

Parathyroid . 
adenoma, seromucoid hexosamine, 
and bone : 

calcium, 907* 
sodium mobilization from, 920* 
in hypercalcemia, 893* 
and renal phosphorus clearance, 
907* 


and — ultrafiltration, 
95- 
Penicillin 
and blood ammonium-nitrogen 
concentrations, 415-418 
circulating antibody against, 911*, 
912* 


erythrocyte reaction to, 1478 
persistence in blood, after therapy 
with, 908* 
resistance to, in staphylococcal in- 
fections, 914* 
Penicillinase, inactivation of penicil- 
lin by, 912* 
Pentobarbital 
after epinephrine, 879* 
and excretion rates after kidney 
transplant, 188 
Pentose 
accumulation 
in erythrocytes, 1478 
in Wernicke’s encephalopathy, 
1479, 1483 


and xylulose excretion, 902*, 
1464 


synthesis from hexose, 1453 
and ribose synthesis, 1457-1464 
Phenolic steroids. See Estrogens 
Phenolsulfonephthalein, excretion 
and vitamin De, 892*, 893* 
a in hyperventilation, 
“ 


Phenylalanine : 
intake and plasma concentration, 
7 


in urinary nondialyzable solids, 
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Phenylbutazone, and uric acid ribo- 
side phosphorylase, 909* 
Phlebotomy 
erythropoietic response to, 883*, 
884* 


for gout, and uric acid excretion, 
580 

renal electrolyte excretion after, 
234-241 


Phosphatase 
acid, 279 
and isopropyl methyl phosphono- 
fluoridate (sarin), 362 
alkaline, 362 
enzymes from osseous and pros- 
tatic tissue, 944* 
serum content, and glutathione 
reductase, 217 
Phosphate 
and acetazolamide, 929* 
and calcium ultrafiltration, 92, 96 
clearance 
and blood sugar levels, 369, 372, 
376-378 
and insulin, 373, 376 
and ribose, 724, 725 
synthesis, 1457-1459 
tubular reabsorption defects and 
glucosuria, 528 
in uremia, EDA reaction, 410-413 
in urinary nondialyzable solids, 
Phosphatidylethanolamine 
clotting activity, 1839-1842 
Phosphatidylserine 
fraction from platelet lipid, 1839- 
1843 


and prothrombin consumption, 
1842 


and thromboplastin generation, 
937* 
6-Phosphogluconate 
in adipose tissue, glucose path- 
way, 943* 
erythrocyte, heredity and racial 
factors, 1176-1183 
and pentose production, 1458 
3-Phosphoglyceraldehyde 
oxidation of, 916* 
in tricarboxylic acid cycle, 1002 
Phospholipids. See also specific 
compounds 
and blood clotting time, 920* 
fractions, isolation of, and clotting 
activities, 1836-1847 
serum concentration 
chylomicron fraction, 577 
in — acid deficiency, 


and thromboplastin formation, 937* 
in urinary nondialyzable solids, 


Phosphoribosylpyrophosphate, and 
purine synthesis in gout, 
944* 
Phosphorus 
acid-soluble in uremic muscle, 890* 
balance, 937* 
bone content, 1357-1360 
cephalin content of, 1841 
concentration 
in amyloidosis, 882* 
platelet lipids, 1841 
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and creatine concentration after 
anesthesia, 901* 
excretion 
after alkali, 300, 301 
after calcium, 295, 296 
after calcium gluconate, 298, 299 
after carbon dioxide breathing, 
1669, 1671 
after jejunal perfusion, 1828 
and isopropyl methyl phosphono- 
fluoridate (sarin), 362 
and nitrogen after prolactin, 877* 
renal clearance of 
and blood glucose, 891*, 892* 
and parathyroid extract, 907* 
serum content. See Serum, phos- 
phorus 
of total ash, of nondialyzable 
urinary solids, 317, 318, 320 
Pickwickian syndrome, 1058, 1059 
See also Obesity 
Pine pollen, and sarcoidosis, 888* 
Pitressin®. See ‘asopressin 
Pituitary glands 
anterior 
and meralluride, 1802-1804 
growth hormone 
and — tissue, 943*, 1557, 


60 
anabolic effect of, 877* 
endocrine secretion in preg- 
nancy, 1772 
and fat mobilization, 922*, 923* 
and sulfation factor, 888* 
growth promoting activity and 
serum sulfation factor ac- 
tivity, 888* 
liver, and adrenals in cortisol 
metabolism, 742 
tumors, and 2-methyl-1,2-bis(3- 
pyridyl)-l-propanone, 912* 
Placebo, pharmacology of, 533-537 
Placenta 
estrogen transfer across, 1373-1378 
insulin degradation by, 895* 
perfusion 
and circulating potassium, 1520 
and Pee metabolism, 1516- 


and corticosteroid production, 
936*, 937* 

plasma protein transfer across, 
1093-1097 


thyroid hormones transfer across, 
157, 931*, 1354 
Plasma 
acid mucopolysaccharides, 679-681 
in inflammation, 962-964 
adrenal vein after vena cava con- 
striction, 1783-1790 
albumin, 516, 517 
and arterial pressure, 1107 
antibodies precipitable by, 896* 
distribution in kidney, 912* 
metabolism and adrenocortical 
hormones, 1229-1234 
and _reticuloendothelial system, 
897* 


and triiodothyronine, 1448, 1451 
amino acid concentration and 


dietary protein, 1710-1723 
arterial 
bromsulfalein, in portacaval 


anastomosis, 608, 
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Plasma (cont'd) 
barium sulfate-adsorbed and aged 
serum in accelerator re- 
sponse, 77 
bicarbonate 
and acetazolamide, 745-748 
in alkalosis, 1021 
and excretion, 929* 
and intracellular acidosis, 883* 
in labile diabetes, 1007 
and respiratory acidosis, 929%, 
1118, 1119 
bilirubin concentration, 887*, 1127 
calcium concentration, 920% 
after alkaline infusion, 300, 301 
after calcium infusion, 295, 296 
and electrolyte excretion, 294- 
305 


and renal function, 294-305 
carbon dioxide 
in diabetes, 640-644, 1008, 1009 
and serum chloride concentra- 
tion, 1688 
tension, 745-748 
cell phylogenesis, and gamma glob- 
ulins, 
chloride, 883*, 1022, 1114 
in alloxan diabetes, 1678 
after jejunal perfusion, 1823, 
1827 


after meralluride, and mercuric- 
cysteine, 1017 

and potassium intake, 1318 

and sodium sulfate, 940* 

transfer to erythrocytes, 1672, 
1673 


cholesterol esters 
and atheromatous plaqu’s, 1163, 
1164 


and isopropyl methyl phosphono- 
fluoridate, 351, 352, 364, 367 
clearance 
antigenic proteins, 1306-1314 
cortisol, 739, 740 
of phosphate, 370-378 
radioiron, 1288 
salicylates, 1148 
of streptokinase, 1306-1314 
clot lysis, in cirrhosis of liver, 968, 
971 


coagulation, glass and Hageman 
factors, 911*, 9 
corticosteroid binding in, 511-519 
cortisol, 515-519, 1233 
in hyperthyroidism, 737, 738 
in shock due to infection, 1798 
creatinine 
during jejunal perfusion, 1828 
in pregnancy, 1766, 1767 
creatinine concentration and renal 
clearance, in pregnancy and 
puerperium, 1766-1770 
cyancobalamin absorption, 888*, 
889* 


divalent ions, 940* 
electrolytes 
after desoxycorticosterone, 66-69 
and intestinal transfer, 1818-1835 
and mercuric-cysteine, 1017 
endotoxin clearance from, 443 
ee in renal insufficiency, 


erythropoietin, 884*, 900*, 1290 
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estrogen binding, 515-517, 519, 
1377 


factor V deficiency and methionine, 
reams a "a vitamin K+ Ss 
(II), 8 

fatty acids, OG 575-578, 
1339-1341, 1153-1164, 1506 

oo enzyme activity, 965- 


glycine concentration after glycine 
administration, oral, 20-26 
granulocytic activity, 877*, 878* 
hemoglobin, 910* 
acidity during sleep, 896* 
and bilirubin production, 887* 
after glycerol, 622 
hemolysis of sensitized red cells, 
1221 


heparinized 
erythrocyte storage in, 916* 
glutathione reductase activity, 
1 


hypertonic, 1022 
and antidiuretic hormone, 459 
inulin, comparison of procedures 


"for, 

iron, 884* 

in chloramphenicol toxicity, 
1289-1292 


after hemorrhage, 1810-1814 

in hepatic vein, 1813 
lipids, =..d dietary fats, 908* 
pogeense in nephrotic syndrome, 

-184 
new bactericidal system in, 940* 
new’ thyroxine-binding _ protein, 
903* 


norepinephrine in renal insuffi- 
ciency, 411 

osmolality, 459, 880*, 910* 

es clearance, 1339-1341, 
1 


and atheromatous plaques, 1155- 


1164 
pH, 715, 745-748, 1114 
parathyroidectomized animals, 
920* 
and potassium intake, 1318 
in aaa acidosis, 1119- 
1 


phenolic compounds adsorption, 
and alumina, 410-413 
phosphatase enzymes from osseous 
and prostatic tissue, 944* 
phosphorus concentration, 121-125 
after alkaline infusion, 300, 301 
after calcium infusion, 295, 296, 
304 
after calcium gluconate injec- 
tion, 298, 299 
platelet, 937* 
potassium concentration, 699-707 
polysaccharides, 962-964 
potassium, 67-69, 324-330, 770, 
910*, 1317, 1318 
and coagulation, 702, 705-707 
and electrocardiographic T wave 
voltage, 1319 
and freezing, 702 
after jejunal perfusion, 1827 
effect of platelets, 699-707 
progesterone binding, 515-517, 519 
on” Chat 1323-1330, 1377, 


anticoagulant, 1326-1330 

Cohn fractions, 677-681, 868 

in extravascular system, 717 

fetal, 1093-1099 

during hemoconcentration, 429 

and levarterenol, 425-429 

and prednisone, 1233 

synthesis of, by guinea pig fetus, 
1094 


thromboplastin component, 1323 
transfer of maternal to fetus, 
1093-1099 
turnover half-time, 175 
in Valsalva maneuver, 1473 
recalcification time, 148, 149 
in plasma thromboplastin defi- 
ciency, 151 
renal flow 
in cardiac edema, 1473 
and filtration fraction in preg- 
nancy, 1765-1769 
in puerperium, 1765-1769 
~, | cmon of kidney, 


ribose concentration of, 723, 724 
— sven concentrations, 
02 


serine concentration, 21-26 
serine in a after glycine, oral, 
silicone and blood clotting, 911* 
sodium concentration, 189, 192, 
324-330, 761, 920*, 1318, 
1823, 1827 
sucrose, 8-19 
testosterone binding in, 515-519 
thromboplastin antecedent defi- 
ciency, anticoagulant in, 
148-152 
urea nitrogen, >. 1767, 1770 
uric acid, 1828, 
and a Dae Tre ; trauma, 1810 
after purine, 1811 
volume, 192, 236, 237, 1467 
Plasmin, streptokinase - activated, 
905* 


and dissolution of clots, 864-870 
Platelet 
agglutination in hemorrhagic di- 
athesis, 81 
and antibody ee of red 
cells, 1225, 
in hypothermia, Kt ¥ 
infusions of fresh, hemostatic ef- 
fect, 904* 
lipid fraction of, and red cells, 937* 
lyophilized, in thrombocytopenic 
recipients, 904* 
in plasma thromboplastin ante- 
cedent deficiency, 149, 150 
phosphatides, 1836-1847 
potassium, 699-707 
survival studies, 1257-1267 
specificity of labeling, 1264, 1265 
thromboplastic factor, 937* 
Pneumonia 
Pneumococcal, properdin concen- 
tration in, 877* 
Poliomyelitis 
reinfection, 920* 
virus studies, 921*, 931* 
Polycythemia vera 
mucoprotein fractions in, 129 


























urinary uric acid, 585, 586 

and vitamin Bi binding, 560 
Polysaccharides 

hexuronate-containing, 679-681 

in inflammation, 962-964 

metabolism, in hyperlipemia, 916* 
Porphyria, 914* 

aminolevulinic acid excretion in, 

936* 


Posture 
and blood flow 
capillary, 1061-1069 
in forearm, 45-49 y 
and exercise in left-to-right shunt, 
202-212 
and pulmonary membrane = 
ing capacity, 1061-106 
and = function in 2 
1771 


Potassium 
balance 
and carbon hones, 938*, 1114, 
1669, 1671, 
during hexose ses 754-758 
in hypercapnia, 938* 
and sodium, 330, 1245, 1248, 
9, 1397 


blood concentration, 757 
pre- and powaperstie. 1632 
bone content, 1357-1360 
cellular concentration, 707, 1320 
and changes in bicarbonate reab- 
sorption, 750 
deficiency, 898* 
lesions of, and after calciferol, 
1708 


exchangeable 
to body water, 910* 
in distal tubule, 554, 555 
in heart, 885* 
in edema, 687-697 
in saliva and urine, 238-241 
excretion, 325-330, 911*, 929* 
after acetazolamide, 552, 555 
and adrenal insufficiency, 240 
and aldosterone, 918*, 1550, 1551 
and alkali, 300, 301 
after ascites, 327-330 
after calcium, 295-299, 304 
after chloride, 325 
and glomerular filtration, 548, 


49 

after inulin, 549, 550 

after jejunal perfusion, 1827- 
1829 

after kidney transplantation, 
188-193 

and magnesium intake, 434-439, 
1364, 1368-1371 

after neomycin therapy, 893* 

in cca acid deficiency, 


postoperative, 1630 

postphlebotomy, 234-241 

in respiratory acidosis, 883* 

and sodium depletion, 323-330, 
548-555 


and spirolactone, 917* 
extracellular, 1320 
intake, 325-330 
and body stores, 1316-1321 
and hyponatremia, 1253 
lethal limit for rats, 1318 
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intracellular, and hydrogen ex- 
change, 329, 330 
and leukemic white cell, 886* 
loss, 921* 
and chlorothiazide, 90z* 
metabolism, 758-761 
muscle, 67-69 
heart, 941* 
in uremia, 890* 
and nitrogen, after prolactin, 877* 
perfusate concentration, and trans- 
fer, 1828-1830 
plasma See Plasma 
platelets, and blood coagulation, 
699-707 
reabsorption of filtered, 554, 555 
te aan and natural diets, 
1651 


serum. See Serum, potassium 


Prednisolone, and cortisol binding, 
513 


Prednisone 


and albumin, distribution and 
metabolism, 1233 
and glucose metabolism, 525-532 
in diabetes, 1008, 1013, 1014 
and hypercalciuria, 937* 
and seromucoid in nephrotic syn- 


drome, 54 
and urinary formiminoglutamic 
acid, 830 
Pregnancy 


bacteriuria, asymptomatic, 906* 

cortisol in, and transcortin, 928* 

fibrinolytic enzyme activity in, 966- 

hypertension in, 1366 

hypoproconvertinemia and vitamin 
-S (II), 77, 8 


insulin requirements in diabetes, 
* 


leukoagglutinin incidence, 1757 

preeclampsia and magnesium load- 
ing, 1365 

renal function in, 1764-1774 

serum protein, thyroxine-binding, 
153-159 


Pregnanetriol, urinary excretion of, 


in congenital adrenal hyper- 
plasia, 890* 


A‘-Pregnene-17a,21-diol,3,20-dione, 


metabolism, differences in 
adults and children, 1087- 


Pressure 


See also Hypertension; Hypoten- 
sion 
aortic, 35-39, 471-475 
in stenosis, 944* 
arterial, 286, 884* 
and acetylcholine, 100-108 
after adenosine and inosine, 1813 
and aldosterone, 1549 
and aminophyllin, 884* 
and atropine, 482 
after caval constriction, 1784- 
1787 


and cerebral circulation, 286, 
and chlorothiazide, 902* 

in coarctation of aorta, 900* 
and cortisone, 1822 

in electric shock, 885* 


1899 


and ganglionic blocking drugs, 
903* 


and glycerol, 621-625 

and G-suit inflation, 926* 

in hemorrhagic shock, 1427 

and hexamethonium, 197-200 

and histamine, 477 

in hypothyroidism, 503-509 

and isopropyl methyl phosphono- 
fluoridate, 355 

after jejunal “emai in uremia, 

and levarterenol, 426-429 

and mercurial diuretics, 902* 

and norepinephrine, 37-39 

after plasmin clot lysis, 868 

and renal _ erythrocyte-plasma 
transit times, 1106-1110 

and renal hematocrit, 1109 

sex differences, 927* 

and spinal anesthesia, 289-292 

and sodium balance, 1822, 1825 

and mm kidney function, 

* 


and vencus congestion in limbs, 
46-49 


atrial, 35-39, 503-509, 890* 

and heart size, 505, 506 

and hyperventilation, 890* 
cerebrospinal, 767 
cuff, 764 

and a pressure and volume, 


diastolic, 102, 108, 196, 474, 1528, 
1549 


and epinephrine, 918* 

esophageal, in pulmonary disease, 
112, 935* 

and exercise. See Exercise 

forearm venous, 42-49, 956-960 

hepatic vein, in cirrhotic liver and 
portacaval shunt, 606-618 

liydrostatic capillary, and plasma 
volume, 

intestinal wall, and visceral pain, 
28-33 


intradural, and jugular vein occlu- 

sion, 
intrapleural, 116, 890*, 935*, 1541 
oncotic, after albumin infusion, 241 
pulmonary artery, 112, 198, 199, 
, 507, 914*, 927*, 935%, 


and acetylcholine, in hypoxia, 
100-107 
and carbon dioxide breathing, 


and carbonic anhydrase inhibi- 
tors, 

in left-to-right shunt, 203, 204 

in mitral stenosis, 196, 1595 

in sickle cell disease, 492-494 

and tachycardia, 1415 

pulse, 35-39, 46-49, 286, 477, 756, 

765, 91 


, 918 
and fructose, 756, 760 
in en and acetylcholine, 


and inflation of occluding pulmo- 
nary balloon, 1077 

and oxygen intake, 542 

after — treatment, 385, 
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Pressure (cont'd) 
systolic, 37-39, 102, 108, 196, 205 
and pyelonephritis, 1688-1690 
thoracic, 1784-1786 
transmural, 114 
in hyperventilation, 1537-1541 
venous 
in hyperventilation, 956-960 
in omental vein, 616 
portal, in cirrhosis or portocaval 
shunt, 613-617 
after psychic stimulation, 879* 
and temperature, 1031-1038 
ventricular, 37-39, 196, 504, 934*, 
935*, a 
volume, 46-4 
wedge, 102- 107, 492-494 
hepatic, 606, 607, 610, 925* 
during Valsalva maneuvers, 1466, 
146 


Primaquine, erythrocyte sensitivity 
to, 929* 


Priscoline®. See Tolazoline 
Probenecid 


salicylates, and renal clearance, 804 
and uric acid 

in gout, 580 

riboside phosphorylase, 909* 
Proconvertin, and blood coagulation, 

1323-1330 
Progesterone, protein binding, 512- 
523 


Proline 


concentration in amyloidosis, 882* 

intake and plasma concentration, 
1712-1717 

and urinary ammonia excretion, 
1619 

Properdin system 

in acute infections, 876*, 877* 

in cancer, 933* 

Propylthiouracil 

and Graves’ disease, 1605 

and uric acid riboside phosphory- 
lase in, 909* 


Prostate 


cancer 
and cortisone metabolism, 933* 
serum protein-bound hexoses, 133 
hypertrophy, fibrinolytic enzyme 
system, 969, 970, 972 


Protein 


in amyloidosis, 882* 

antigenic, plasma clearance of 
radiolabeled, 1306-1314 

antigens, delayed hypersensitive 
state, 938* 

and blood ammonia concentration, 
99 


1 
blood coagulation and fibrinolytic 
enzyme system, 1323-1330 
casein precipitable, 854 
in cerebrospinal fluid, 1419-1428 
concentration site and membrane 
permeability, 1422, 1423 
contractile, of muscle in dystrophy, 
940* 


deprivation in children and in 
lower animals, 685 
flavo-, and cellular oxidation, 244 
fractions 
binding specificities, 514, 515 
cholesterol distribution between, 
710, 713, 716 


SUBJECT INDEX TO VOLUME XXXVII 


in nephrotic serum after albu- 
min, 
hexoses bound to, 130, 131 
in hypertension, 426-429 
in infant, kernicterus, 1406 
intake, 
and albumin metabolism, 682- 
686, 1442-1451 
and nitrogen removal after per- 
fusion, 1826 
and plasma amino acids, 1710- 


loss to capillary filtrate, 1472, 1473 
metabolism, and serum calcium 
content, 90 
placental transfer, 1095-1098 
plasma. See Plasma 
serum. See Serum 
sparing effect of glucose on, 943* 
spinal fluid, 1404-1408 
and age of infant, 1410 
synovial fluids, 62, 708-717 
synthesis, 906*, 943* 
thyroxine- binding, 279, 280, 1353 
electrophoresis, 903* 
and testosterone, 1026-1029 
vitamin Bis binding, 278, 279 


Proteinuria 


and epithelial cell healing, 922* 
seromucoid hexosamines, 52, 54-56 


Prothrombin 


activity, after vitamin K-S (II), 
; 4, 85 

balance, and. streptokinase, 905* 

and blood coagulation, 1323-1330 

in cholecystnephrostomized dogs, 

consumption "in phospholipid frac- 

: tions, 1842 

in hepatectomized rats, 76, 77, 84 

utilization of thrombocytopenic 
plasma, 897* 


Pulmonary artery 


and amyloidosis, 847 

blood flow. See Blood flow, pul- 
monary 

congenital atresia, 1072, 1083 

edema, and hexamethonium, 199 

hemodynamics, in tachycardia, 
1414-1417 

hypertension, 106, 107, 
203-208, 506, 1085 

infarct, 223, 415, 1054 

insufficiency, and red cell changes, 
1166-1174 

media of small branches and acetyl- 
choline, 106 

occlusion of, 894*, 1079 

pressure. See Pressure, pulmo- 
nary 


194-200, 


Purine 


and hypoxanthine effects on plasma 
iron, 1811 
metabolism in gout, 579-590, 909* 
nucleoside phosphorylase, erythro- 
cyte, 1296 
heredity and racial factors, 1176- 
1183 


uric acid from, 944* 


Purpura, thrombocytopenic 


and hyperkalemia, 701 
—e fractions in, 129, 134, 
135 





Pyelonephritis 
and amyloidosis, 847 
and hypertension, 930*, 931*, 1686- 
1692 


of pregnancy, asymptomatic, 906* 
Pyrimidine, metabolism, 932*, 933* 
Pyrogallol, adsorption from plasma 

by alumina, 410-413 
Pyrogen 
and fibrinolytic activity, 931* 
release, and destruction of red cells 
by antibodies, 1225, 1226 
Pyruvic acid 
blood 
and carbohydrate deprivation, 
121-125 
and hexose infusion, 757 
after ribose infusion, 724-726 
concentration, 260, 261 
after anesthesia, 289-292 
and diphosphopyridine, 244 
and glucose, 121-125 
formation, 1011, 1012 
and fructose, 758-761 
hepatic glycolysis, 1185 

and lactate ratios. See Lactate, 

and pyruvate 

malic and lactic dehydrogenase ac- 

tivity in myocardial infarc- 
tion, 674-676 
and oxygen “eo 246, 257, 


’ 


in tricarboxylic acid cycle, 1002 


R 


Red cell. See Erythrocyte 
Reichstein’s substance S, metabo- 
lism, in adults and children, 
1087-1092 
Respiration 
adaptation, in hyperthyroidism, 
938* 
after aerosol or dust particle 
breathing, 1746-1755 
center Sen, and potassium, 


Cheyne-Stokes, 354 
in sleep, 986, 988, 989 
exertional breathlessness and fa- 
tigue, 507 
and glycerol, 621-625 
and heavy exercise, 1693-1700 
in hypoxia, 264-271 
and isopropyl methyl phosphono- 
fluoridate, 354 
in lung disease, diffusing capacity 
measurement, 591-604 
malfunction of muscles and _ al- 
veolar hypoventilation, 1058 
in obesity, 1052 
and hypoxemia, 1055 
in paraplegics, 773-781 
pulmonary mechanics, 111-116 
volume, 115, 
and tachycardia, 1414 
Reticulocytes 
a in blood and marrow, 


concentration, and chlorampheni- 
col, 1289 
sequestration, by filtration at low 
pressures, 905* 
Rhenium and manganese metabo- 
lism, 1302-1304- 

















Rheumatoid factor, isolation, 913* 
Ribose 
and glucose, 654 
conn a 720, 723- 
733, 59 
nebiiioe | 719-733 
synthesis, 1453-1464 
hexose pathway, 653, 902*, 1457 
urinary excretion, 722, 724 
and expired carbon dioxide ra- 
dioactivity, 727, 728 
Ribose-5-phosphate 
conver to xylulose-5-phosphate, 


inhibition of incorporation to ino- 
sinic acid by purine com- 
pounds, 944* 

isomerization, 732 

and phosphoglucomutase activity, 


’ 


in ribose conversion to glucose, 
652-654 


Riboside 
synthesis, 902*, 1459 
uric acid phosphorylase, and col- 
chicine, 909* 
Ribulose-5-phosphate 
erythrocyte, heredity and racial 
a in metabolism, 1176- 


8 
phosphorylation, 732, 733 
in ribose conversion to glucose, 
652-654 
Rubidium, coronary blood flow 
measurement with, 921* 


S 
Salicylates 
and acetazolamide, 929* 
and salicyl conjugates, 800-806 
and thyroid function, 1131-1151 
and ore ia 1133, 


in rheumatoid arthritis, 1135- 
137 


and thyroxine half-life, 1149 
tubular secretion of, and probene- 
cid, 804-806 
Salyrgan®, and potassium, 550-553 
Sarcoidosis 
Boeck’s, and serum calcium, ultra- 
filtration, 88, 89, 95 
and pollen of pine trees, 888* 
Sarcomas 
glutathione reductase activity, 216 
on of growth and _allicin, 
41* 


properdin concentration in, 877* 
reticulum cell, mucoprotein frac- 
tions in, 129, 134 
Sarin. See Isopropyl! methyl phos- 
phonofluoridate 
Sedoheptulose-7-phosphate 
and erythrocyte, 1477 
in ribose conversion to glucose, 
652-654 


Septicemia 
proteins, of postmortem synovial 
fluids, 709, 710 
Serine 
glycine conversion to, in sprue, 
20- 


plasma concentration, 1712-1717 
after glycine ingestion, 21-26 
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in urine nondialyzable solids, 318, 
320 


Serotonin 


and potassium concentration ip 
hyperkalemia, 706 

release and destruction of red cel. ; 
by antibodies, 1225, 1226 

in renal insufficiency, 410-413 


Serum 


albumin, 275-280, 283, 684 

in amyloidosis, 848-856, 883* 

in glomerulonephritis, 55 

in infants with communicating 
hydrocephalus, 1419-1424 

metabolism and adrenocortical 
hormones, 1229-1234 

palmitate binding by, 1731 

in protein malnutrition, 683-686 

— =r injury, 1739, 1742, 

3 


and triiodothyronine, 1442-1451 

vitamin Bi binding by, 562-566 
alkaline phosphatase, 279 
antibodies, 455-457, 854-857 
bicarbonate, 252, 1238-1242 

lactate replacement, 252 
bilirubin, 217 

in alcoholism, 876* 

and ammonium uptake in ex- 

tremities and brain, 415, 416 

in jaundice, 1128, 1129 

and liver function, 991 

in malignancy, 884* 

spinal fluid ratio, 1403-1411 
calcium concentration, 142 

after calciferol, 1702, 1704, 1709 

and cortisone, 919* 

and mannitol diuresis, 893* 

and — clearance, 

3% 


ultrafiltrable, 87-97 
rane gece scam 1238-1242, 
3 


and isopropyl methyl phosphono- 
fluoridate, 
cholesterol 
in azotemia, 854 
and blood coagulation, 921* 
and exercise, 504 
in hemoglobulinuria, 900* 
in nephrosis, 175, 809 
in pantothenic acid deficiency, 
1649 
and testosterone, 1025, 1029 
electrolytes, 238 
after adrenalectomy, 1395-1401 
and aldosterone release, 238-241 
glucose concentration, 1238-1242 
glutathione reductase, 215-218 


hexosamine, 853, 856, 882*, 883*, 
896* 


of mucoprotein, 51-56 
magnesium, 1364-1369 


malic and lactic dehydrogenase, 


672-676 

nephrotic, fatty acid partition in, 
1775-1782 

new bactericidal system in, 940* 

and carbon dioxide breathing, 

1668 

nucleohistone binding phenomenon, 
876* 


osmolality, 1238-1244 
after meralluride, 1804 
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phosphorus 

after calcium, 92, 93, 96 

after glucose, 89i*, 892%, 901* 

and growth hormone, 923* 

in renal disease, 89, 90 
potassium concentration, 1823 

and calciferol, 1703 

and cortisone, 890* 

in disease states, 1238-1242 

and freezing, 702 

after phlebotomy, 238-241 

in thrombocytosis, 707 
precipitin titers, and endotoxin 

radioactivity, 443-457 

properdin, in cancer, 933* 
proteins, 846 

and alkali, 52, 53 

after calcium, 91 

after citrate infusion, 93, 94 

components of, 272-283, 893* 

and estrogen, 892* 

in hypocalcemia, 89, 90 

after parathyroid extract, 91, 95 

and —— anastomosis, 615- 

and salicylates, 1135, 1140, 1141 

and testosterone, 892* 

after thermal trauma, 1736-1745 

and thyrotropin, 1145 

ee wees 153-159, 279, 

0 


in Valsalva maneuver, 1468-1473 
prothrombin times 
effects of phospholipids, 1842 
and plasma thromboplastin ante- 
cedent deficiency, 149-151 
sodium concentration, 238 
and body composition, 1236-1254 
and cortisone, 890* 
and jejunal transfer after per- 
fusion, in uremia, 1830 
sulfation factor and somatotropin 
activity, 888* 
trypsin inhibition, reversibility of, 
947-954 
uric acid, 854 
in gout, 580 
and stones, 901* 
vitamin Bu ‘binding, in leukemia, 
556-566, 917*, 918* 
Sheehan’s syndrome, and sulfation 
factor, 888* 
Shock 
and bacteremia, 940* 
due to infection, cortisol metabo- 
lism in, 1791-1798 
hemorrhagic 
and endotoxin absorption, 1425- 
1434 


and plasma iron content, 1813 
traumatic 
and plasma uric acid, 1810 
and thyroid gland, 380-388 
Sialic acid 
in amyloidosis, 882*, 883* 
in urinary nondialyzable solids, 
318, 320, 1660, 1661 
Skeleton 
See also Bone 
formation measurement with non- 
radioactive strontium, 891* 
fucose catabolism in, 930* 
mineral and water concentration 


in, 1357-1360 
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Skin 
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exchange 


acid mucopolysaccharides, 858-860 
and endotoxin uptake, 226-229 
and erythrocyte incompatibility, 
1218-1224 
homografts, in Hodgkin’s disease, 
* 


pallor, and norepinephrine, 478 

reactions of isohemolysins, 1219 

resistance, and isopropyl methyl 
phosphonofluoridate, 355 

temperature, and oxygen uptake in 
forearm, 1036 

in thyroid diseases, 879* 

Sleep 

hemoglobinemia, and _ respiratory 
acidosis, 896* 

respiration in, 981-989 

secretion in, and histamine, 884*, 
885* 


vasodilation in, 770 

Smoking 

and gastrointestinal system, 356 
and pulmonary function, 895* 


Sodium 


balance, 241 
and cortisone, 1822 
and electrolyte excretion, 325- 
330 
and hexose, 754-756, 758 
bicarbonate, 551, 552 
and clotting factors, 76 
blood concentration, 392, 1551 
pre- and postoperative, 1632 
body, exchangeable pool of, 934* 
bone 
in diabetic acidosis, 1676-1685 
and parathyroidectomy, 920* 
chloride, 550, 551, 622 
in acidosis, 643 
and creatinine clearance, after 
kidney transplant, 187 
and extracellular volume, 192 
and hypertension, 941* 
and meralluride, 1020, 1021 
citrate, and manganese metabolism, 
1302-1304 
concentration, 1357-1360 
and glomerular filtration rate, 
* 


and osmolarity, 1254 
in red blood cell, 707 
conservation after blood loss, 241 
depletion 
after adrenalectomy, 1394-1401 
and potassium excretion, 323, 
327-330 
and desoxycorticosterone, 66-69, 
666-670 
dietary intake, 1397 
and chlorothiazide, 902* 
and exchangeable pool, 934* 
and juxtaglomerular granulation, 
664-670 


postoperative urinary excretion, 


31 
restriction, 67-69, 241 
diuresis 
and anesthesia, 189 
and renal potassium excretion, 


and spirolactone, 917* 


and body water, 1247 
in edema, 687-697 

excretion, 761, 929* 
after acetazolamide, 555 
and adrenal insufficiency, 240 
after albumin, 236, 237 
and aldosterone, 1550, 1551 
after alkaline infusion, 300, 301 
and antidiuretic. hormone, 459 
in ascites, 327-330 
after calcium, 295-304 
after chloride infusion, 549, 550 
after inulin, 549, 550 
after jejunal perfusion, 1827, 

1828 


and Bag 4 function, 188-193, 

and magnesium intake, 434-439, 
1364, 1368-1371 

after mannitol infusion, 549, 550 

after mercurial diuretics, 550, 


after neomycin therapy, 893* 
after phlebotomy, 234-241 

and position, 882* 
postoperatively, 923*, 1628-1638 
after potassium, 325-330 

in respiratory acidosis, 883* 
after sodium sulfate, 555 

and spirolactone, 917* 
ne infusion, 549, 


and glomerular filtration, 297, 301- 
304, 548-555, 1399-1401 
hydroxide, and chondroitin, 859 
and hypertension, 1822, 1825 
interstitial and osmolalities, 911* 
intracellular, and carbon dioxide 
breathing, 1672 
loss, 921* 
and chlorothiazide, 902* 
in sweat, 1400 
metabolism, 758-761 
octanoate, conversion to ketones, 
1381-1390 


perfusate concentration, and trans- 
er, 1828 

plasma, 189, 192, 324-330, 761, 
920*, 1318 


of platelets, in hyperkalemia, 707 
potassium ratio, 885* 
and salivary secretion and aldo- 
sterone, 238-241 
reabsorption, 190, 192, 329 
renal tubule, 932* 
and renal failure, 911* 
retention, 918*, 921*, 923*, 1550 
after ACTH, 342 
and blood volume, 240, 241 
after sodium diuresis, 919* 
serum. See Serum, sodium 
sulfate, infusion, 552, 553, 940* 
transport, 192 
and water reabsorption, 932* 
in uremia, muscle, 890* 
Somatotropin. See Pituitary, growth 
hormone 
Spherocytosis, 129, 936* 
splenic conditioning ia, 899* 
Sphingomyelin 
isolation of, from platelet, 1839- 
1847 


Spirolactone, 917* 





Spleen 

amyloid in, 847 

cholinesterase inhibition, 364 

chylomicron uptake, 575-578 

endotoxin uptake in shock, 1428 

enlargement, 614, 616 

erythrocyte conditioning by, 899 

and sequestration in leukopenia, 

1213-1215, 1224, 1225 

and liver, circulation time, 1850- 
1856 


in myelogenous leukemia, 559 
platelet sequestration, 2, 6, 
reticulocyte sequestration, 905* 
uric acid riboside phosphorylase 
in, 909* 
Sprue 
and celiac disease, intestinal simi- 
larities, 927* 
formiminoglutamic acid excretion 
in, 915* 
and glycine absorption, 20-26 
Squalene, metabolic role in choles- 
terol biosynthesis, 655-659 
Staphylococcus, and penicillin, 914* 
Stein-Leventhal syndrome, and 
hirsutism, 794-798 
Steroids. See also specific com- 


pounds 
adrenal cortical, 912* 
——— to 17-ketosteroids, 


in hirsutism, 794-798 
in hypertension, 1524-1535 
and urinary formiminoglutamic 
acid, 830 
formaldehydogenic, 1088-1090 
hydroxylation of substrates in 
vitro, 1342-1346 
in nephrotic syndrome and sero- 
mucoid hexosamines, 53, 54 
Porter-Silber output after caval 
constriction, 1784-1787 
synthesis of, and ACTH, 1532 
“Stiff man syndrome,” seromucoid 
hexosamines, 53 
Stomach 
See also Gastrointestinal tract 
cancer, 133 
and ar, intravenous, 623- 


uric. acid riboside phosphorylase, 
909* 


Stool. See Feces 
Streptokinase 
lysis of intravascular clots, 905* 
plasma clearance, 1306-1315 
Stress 
circulating fibrinolytic activity, 
931* 


osmotic, of erythrocytes, 1296 

postoperative, and placebo and 
morphine, 537 

and urinary cortisol metabolites, 
813-822 


and utilization of fructose versus 
glucose, 125 
Strontium 
dynamics of, 913* 
and a * vitamin Bis uptake, 648, 


nonradioactive, rates of osteogen- 
esis measured by, 891* 



































in vivo displacement by calcium, 
1304 


Strophanthidin 
in aortic stenosis, 944* 
SU-4885, 912* 
Substance §. See A‘-Pregnene- 
17a,21-diol,3,20-dione 
Succinic acid 
in glucose formation from acetate, 


inhibitory effect in intestinal mu- 
cosa, 919* 
in tricarboxylic acid cycle, 1002 
Sucrose 
clearance, 8-19 
and plasma levels, 11, 12 
hydrolysis after jejunal perfusion 
in uremia, 1829 
Sulfate 
divalent cations and renal excre- 
tion of, 940* 
and mercurial diuresis, role of pH 
in, 1020-1022 
Sulfuric acid 
concentration in amyloidosis, 882* 
chromogens, mobilities and stain- 
ing reactions, 1343 
Surgery 
postoperative pain relief with 
morphine or placebo, 535 
and sodium excretion, 1628-1638 
and urinary cortisol metabolites, 
815-822 


T 
Tachycardia 
and atropine, 481 
and epinephrine infusion, 478 
and fructose infusion, 
hemodynamics in, 1413-1417 
and isoproterenol, 882* 
and org’ acid deficiency, 


Taurine, plasma concentration, 1712- 
1717 


Temperature 
See also Fever; Hypothermia 
blood storage and inosine, 978 
and ee intravenous, 623- 


and isoantibody hemolysis, 1222 
and forearm, 1031-1038 

pressure and volume, 44-46 
se” cartel in osteoarthritis, 


and musculo-cutaneous vasodilata- 
tion, 936* 

and oxygen uptake in hyperemia, 
1039-1048 


and serum agglutinating factor and 
penicillin, 912* 

and vitamin Bie uptake in liver 
slices, 

Testosterone 

and iodine metabolism, 1027 

plasma, binding in, 515-517, 519 

production in hirsutism, 797 

and protein bound iodine, 892* 

and serum cholesterol concentra- 
tion, 1029 

and thyroid function, 1024-1029 
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Tetany 
and on 89, 500 
and magnesium, 940* 
susceptibility, and sodium deple- 
tion, 
Tetracycline 
concentration in liver, 910* 
half-life in serum, 908* 
Tetraethylammonium chloride, 
pressor action, 482 
and acai ‘infusion, 479, 


Tetraethyl pyrophosphate, in vitro 
sensitivity to, 352, 
and isopropyl methyl phosphono- 
fluoridate, 350 
Tetrahydrocortisol 
and placenta, 937* 
in stress, responses, 813-822 
Tetrahydrocortisone, 937* 
urinary excretion of, 813-822 
in congenital adrenal hyper- 
plasia, 890* 
Thiamine, deficiency 
and ribose synthesis from hexose, 
1459 


and transketolase reaction, 1477 


Thiopental 
absorption, and cerebral blood 
flow, 770 


water diuresis, and vasopressin, 
875* 
Thorax 
capillary beds in cardiac edema, 
1472 


caval constriction and —_— 
secretion, 1784-17: 
Threonine 
intake, and plasma concentration, 
1712-1717 
in urinary nondialyzable solids, 
Thrombin, coagulation and potas- 
a concentration, 702, 706, 


Thrombocytopenia 
and cephalin fraction of bovine 
brain, 897* 
and chloramphenicol y= 1290 
coagulation defect in, 897*, 904 
and destruction of red cells by an- 
tibodies, 1225, 1226 
and erythropoietic depression of 
bone marrow, 1292 
formiminoglutamic acid excretion 
in, 830 
of hypothermia, 1-7 
after hepatectomy and/or splen- 
ectomy, 6, 7 
Thrombophlebitis 
brucella endotoxin response in, 223 
and pulmonary embolism, 615-617 
Thromboplastin 
generation, 149-151 
and red cell lipid fraction, 937* 
and ara concentration, 


plasma antecedent deficiency, anti- 
coagulant in, 148 
Thymidine, in proliferating cell 
study, 
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Thyroid gland 


acid mucopolysaccharide content, 


after thyrotropin, 878* 
adenoma, colloidal, acid mucopoly- 
saccharide i in, 861 
and adrenal function, 736-742 
and estrogen-effect on protein 
bound iodine, 892* 
function, 895*, 1131-1151 
in traumatic shock, 380-388 
and glutathione reductase, 215 
Hurthle cell adenoma and thyro- 
tropin, 879 
in hyperthyroidism, 932* 
and pituitary interrelation, 1144- 
1151 
in pregnancy, 156 
eee x uptake and clearance, 


and salicylates, 1138-1147 

and thyrotropin, 1145 

and thyroxine, 1348-1355 

in =. Graves’ disease, 1603- 
a 
3 


and testosterone, 1024-1029 
a dischargeable iodide in, 
* 


Thyrotoxicosis 
and epinephrine, 918* 
and erythrocyte metabolism, 1478 
—_, calcium uptake in, 


radiothyroxine turnover study in, 
1348-1355, 1609, 1613 
steroid metabolism in, 739-742 
Thyrotropin 
acid mucopolysaccharide, 878* 
and thyroid function after salicyl- 
ates, 1144-1151 
Thyroxine 
degradation 
and methimazole, 932* 
in myxedema, 932*, 1355 
peripheral, 1606 
in thyrotoxicosis, 1351-1355 
metabolism, 1348-1355 
and testosterone, 1025, 1028 
serum protein binding in preg- 
sone’. 153-159, 279, 280, 


synthesis of, and hypothalamus ir- 
radiation, 878* 

transplacental transfer of, 931* 

in —, Graves’ disease, 1605- 


triiodoth iyronine and iodide, sepa- 
ration of, 931* 
versus 2,4-dinitrophenol in trau- 
matic shock, 388 
Tissue 
adipose 
fatty acids, 1512 
glucose utilization, 943* 
and lipolytic action of ACTH, 
1556-1562 
elasticity in cardiac edema, 1473 
slyogst and growth hormone, 


granulation in interstitial stroma 
after calciferol, 1705 
subcutaneous 
acid mucopolysaccharide content, 
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Tissue (cont'd) 
temperature and oxygen uptake 
in forearm, 1039-1048 
visceral, and pain rheobase values, 
3 


3: 
Tolazoline, and blood flow, 840 
and cerebral blood flow, 763-771 
and osteoarthritic knee joint, so- 
dium clearance after, 389- 
392 
Tolbutamide 
blood glucose response 
diabetes, 627-630 
and phosphate clearance, 372-374 
Toxemia, rickettsial, cardiovascular 
dysfunction during, 898* 
Toxicity 
of ammonium salts, 497-500 
and blood-brain-barrier, 
72 


172 
and pH, 498, 1725 
cardiac, and mercuric 
chloramphenicol, 
1286-1292 
of endotoxin, 230, 1430-1433 
epinephrine ‘and hyperthyroidism, 
918*, 919* 
of glycerol, 619 
of imidazoleacetic acid, 1463 
vitamin renal function, 
1707, 1708 
of vitamin K-S (II), 77 
Transcortin, avidity for cortisol and 
corticosterone, 928* 
Transplant 
homografts in Hodgkin’s disease, 
906* 


kidney function after, 185-193 


mild 


in 


1724- 


chloride, 


ferrokinetics in, 


Trauma 
‘infected wounds and chlorampheni- 
col, 1287 
and reformation of clot after 
plasmin, 870 
thermal 


serum protein changes, 1736- 
1745 
of swine skin, 888* 
urinary cortisol metabolites in, 
818, 819 
and thyroidal radioiodide content, 
Tricarboxylic acid cycle, and glyco- 
lytic pathway, 1002-1004 
Triglyceride. See Lipids 
Trihydroxyindole, versus ethylene- 
diamine in blood of uremic 
patients, 412, 413 
Triiodothyronine 
and a catabolism, 1447-1449, 


degradation, 932* 

in hyperthyroidism, 738, 1606, 1609 

and : i ae of ACTH, 
6 


1447- 


’ 


and nitrogen metabolism, 
1 


and thyroxine, 1354, 1609 
transplacental transfer of, 931* 
Triphosphopyridine nucleotide 
in diabetic lipogenesis, 1197-1201 
erythrocyte 
mene and racial factors, 1176- 
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utilization, 916* 
and <7 6-phosphate formation, 
26 


and liver 
carbon dioxide, 1189-1191 
— and lipid synthesis, 
1185-1194 
in protein synthesis, 1458 
Trypsin 
digestion of casein, 948 
inhibitor in serum, 947-954 
standardization with soybean, 952- 
954 


Tryptophan 
intake, and plasma concentration, 
12-1717 
urinary nondialyzable solids, 318, 
320 
Tuberculin 
allergic response, 939* 
tolerance, 


clearance and _ febrile 
880* 
pine pollen fractionation, 888* 
Tuberculosis 
miliary, and blood ammonium- 
nitrogen concentrations, 416 
mycobacteriophage propagation 
and inhibition, 942* 
pep and appetite ratings 
placebo, 534 
pulmonary 
body composition in, 688, 1238- 
1242 


after 


glutathione reductase activity, 
216 
Tumor 
ascites, and ribose synthesis, 1458, 
1459 
atropine, in pheochromocytoma 
test, 


and glutathione reductase, 944* 
pituitary, 912* 
and serum sulfation factor ac- 


tivity, 888* 
protein concentration, 1420 
bi aaa infection, resistance to, 
Tyrosine 
intake, and plasma concentration, 
1712-1717 
in urinary nondialyzable solids, 
318, 320 
U 
Unesterified fatty acids. See Fatty 
acids, nonesterified; and 
Blood, fatty acids, nonesteri- 
fied 
Urea 
clearance 


and glomerular “ee ly 
in pitino ig Ning 170 

and magnesium, 

and 0 Ds, goer, 893*, 1703, 


in uremia 
after jejunal perfusion, 1820, 
1826 
Uremia 
acidosis and carbon dioxide ten- 
sion, 


catechol amines in, in renal insuf- 
ficiency, 409-413 
and chloramphenicol, 1287 


insulin binding after therapy, 788 

jejunal segment perfusion in man- 
agement, 1818-1835 

mee of antibiotics in blood, 
(08* 


prevention of intracorpuscular de- 
fect by renal tissue, 918* 
and protein binding, 940* 
seromucoid galactosamine-gluco- 
samine ratio, 53, 54 
urine urea and solute concentra- 
tion, 911* 
Uric acid 
concentration after 
fusion, 1828 
excretion, 875*, 944* 
and purine metabolism in, 932* 
after transfusion, 1492 
in gout, 579 -589, 944* 
isopropyl methyl phosphonofluori- 
date, 362 
plasma, and hemorrhage 
trauma, 1810 
purine oxidation, 587 
renal stone formation, 901* 
riboside metabolism in tissues, 909* 
in uremia, ethylene diamine reac- 
tion, 410-413 
Uridine, excretion, in leukemia, 875* 
Uridine-diphosphate-glucose 
and glucuronide synthesis, 332-339 
oxidation, 332 
Uridine -diphosphate- glucuronic 
acid 
and glucuronide synthesis, 332-339 
in newborn, 337 
specific enzymatic function, 332, 
1125 


jejunal per- 


or 


Uridine triphosphate, in glucuronide 
formation, 875* 
Urine 
in adrenal and pituitary insuffi- 
ciency, 1799 
albumin in hypoalbuminemia, 685 
aldosterone, 238-241 
postphlebotomy, 235, 236 
and potassium, 918* 
alkaline, 929* 
mechanisms in, 881* 
and salicylate clearance, 804 
after aminophyllin, 1802 
ammonia in respiratory acidosis, 
883* 


calcium output in gargoylism, 145, 
146 


carbon dioxide pressure, 881* 
concentration, 899*, 940* 

in bacteriuria, 906* 

after calciferol, 1703 

and glutathione reductase, 217 

and hexose infusion, 754- 756, 758 
in — adrenal hyperplasia, 

0* 


cortisol metabolites, 739 
mechanisms for changes, 821, 


distal tubular, potassium exchange, 
329 
endotoxin radioactivity in shock, 
1428 
excretion in 
bicarbonate, 745-748 


bilirubin, 896*, 1129 
chloride, 295-301 

















corticoids, 1090 
electrolytes, 883*, 901*, 1550 
estrogen, 347 
etiocholanolone, 1092 
formiminoglutamic acid, 824- 
830, 915* 
17-ketosteroids, 238-241, 342, 
38, 890, 912*, 933*, 


and mercuric cysteine and mer- 
curic chloride, 1022 

nitrogen, 434 

and plasma glycine concentra- 
tion, 

of purines, 875* 

ribose, 722, 724 

sodium, ny 235-238, 326-330, 

, 761 


uric acid, 580 
and uric acid stones, 901* 
flow, 899*, 1617-1626 

after alkaline infusion, 300, 301 

after calcium infusion, 295-299 

and glomerular filtration rate, 
549, 550, 911*, 1800, 1802 

and jejunal perfusate composi- 
tion, 1822 

and jejunal perfusion, 1820 

_, re loading, 1364, 
36 


and mercurial diuresis, 550 
postoperative, 1630 
postphlebotomy, albumin and 
saline infusion, 237, 238 
and sodium bicarbonate, 551 
and solute excretion, 1802 
and vasopressin, 458-463 
and water clearance, 882* 
glucosamine loss in glomerulo- 
nephritis, 53, 54 
glucose clearance, 14 
in hemochromatosis, 915* 
17-hydroxycorticosteroids, 238-241 
hypertonic, 459-463, 916* 
inlying catheters,’ bacteriological 
studies from, 897* 
ketone bodies, and fasting, 119 
ketosteroid metabolites and hair 
growth, 794-798 
loss of sugar, 761 
magnesium concentrations, 434 
after loading, 1362-1371 
after meralluride, 1802 
mucoprotein, 319 
nondialyzable solids, 315-320 
separation into three repro- 
ducible fractions, 1658-1665 
osmolality, 459-463, 880*, 916* 
and position, 882* 
during sodium depletion, 1398 
—, a. and calciferol, 


after water ingestion, 1801, 1802, 
1805 


pH 
and acetazolamide, 929* 
after alkaline infusion, 300, 301 
and ammonia excretion ‘after 
amino acid loads, 1621 
after calcium gluconate injection, 


after carbonic anhydrase in- 
hibitors, 887* 
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and salicylate clearance, 805 
and spirolactone, 917* 
potassium, 434 

and desoxycorticosterone, 69 

postphlebotomy, albumin and 
saline infusion, 237, 238 

after potassium sulfate infusion, 
326-330 


pregnanetriol, 890* 
pyrimidine, in leukemia, 875* 
tetrahydrocortisone, 890* 
Urobilinogen, excretion 
in jaundice, 1124, 1129 
mesobilifuscin ratio, 896* 
Uronic acid 
in acid mucopolysaccharide carba- 
zole and orcinol determina- 
tions, 860, 861 
serum in amyloidosis, 854, 855, 
882* 


Vv 


Vaccines, antituberculosis, 939* 
Valine 
intake, and plasma concentration, 
1712-1717 
of urinary nondialyzable solids, 
’ 
Valsalva maneuvers, and venous 
pressure, 879*, 1465-1475 
Vanadium sulfate, and manganese 
metabolism, 1302, 1304 
Vascular system 
and murine typhus toxin, 898* 
‘peripheral venous tone and psychic 
stimulation, 879* 
portal versus peripheral vein in- 
sulin administration, 631- 
639 
pulmonary, changes in dynamics, 
resistance 
cerebral, 286-292 
hepatic postsinusoidal, 608, 609 
in hypothyroidism and exercise, 


in left-to-right shunt and exer- 
cise, 206-208 
pulmonary, 200, 492, 935* 
peripheral, 484, 1414 
splanchnic, 289-292 
Vasoconstriction 
cerebral, 765 
and cold pressor test, 767 
and stimulation of ganglia, 770 
digital, 765, 770 
and electrical stimulation of 
stellate ganglion, 768 
in forearm, 
and congestion in legs, 46-49 
and intradural volume and blood 
flow, 767 
and norepinephrine, 484 
Vasodilatation 
and ambient temperatures, 936* 
of cerebral vessels, 765, 766, 770 
and hypotension, 289-292 
and coronary circulation, 898* 
and epinephrine, 484, 843, 844 
pulmonary vessels and _acetyl- 
choline, 105, 107 
tolazoline, and sodium clearance 
rate, 392 
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Vasopressin 
action in renal tubule and frog 
skin, 461, 462 


in Addison’s disease, 920* 
circulating, and calcium, 899* 
graded doses of, and water excre- 
tion, 458-463, 875* 
and membrane permeability of 
idney, 463 
and renal failure, 911* 
sodium and water balance studies, 
925* c 
and urine flows, 899* 
and solute excretion, 460 
urinary osmolality after, and cal- 
ciferol, 1702 
Vena cava 
blood counts and hypothermia, 3-7 
inferior 
constriction of, 1783-1790 
Venous pressure-volume curve, in 
forearm, 42-49 
Ventilation 
and acetylcholine, 103, 105 
alveolar, 313, 985, 1052 
and nitrogen concentration, 30°, 
310, 312 
and aminophyllin, 884* 
and characteristics of slow space, 
5 3 


and heavy exercise, 1693-1700 
and occlusion of pulmonary artery, 
1 


in bronchiectasis, 1077 

in pulmonary disease, 111-117 
and diffusing capacity, 591-604 

in sickle cell disease, 486-494 

in sleep, 981-989 

Ventricle 

function 
in aortic insufficiency, 473, 944* 
and hexamethonium, 197-2 00 
and sex, 927* 

magnesium concentration in, 880* 

oxygen consumption and_nitro- 

glycerin, 898* 

pressure, 196-200 
in left-to-right shunt, 203, 204 
and mitral regurgitant flow, 38 

septal defects, 203, 204 


and circulatory dynamics, 934* 
stroke work, 
and bradycardia after norepi- 


nephrine, 37 
Virus 
ECHO-9, or exanthema, 928* 
“hemadsorption” in diagnosis and 
study of infections, 931* 
infection, lower economic group, 
927* 


inhibition, and properdin system, 
940* 


non-neurotropic influenza, 903* 
salivary gland, in children, 927* 
toxicity, resistance to, 903* 
Viscera, tension, intramural, and 
pain, onset and _ rheobase, 
28-32 


Vitamin 
A, and atheroma extract, 163 
Bis 
‘binding, 893*, 902* 


in leukemic sera, 278, 556-566, 
917*, 918* 








1906 


Vitamin (cont'd) 
and DNA synthesis, 168-171 
and hog intrinsic factor concen- 
trate, 646-649 
and pernicious anemia bone mar- 
row, 166-168 
plasma absorption, 889* 


D 
toxicity, 88, 89, 95, 1707-1709 
De See Calciferol 
K, accelerator response to, 70-85 
K-S (II) 
in hemorrhagic diathesis, 77-81 
in pregnancy, 77, 8 


Ww 
Water 
balance study during hexose in- 
fusions, 754-758 
blood, excess lactate concentration 
in, 261 
body 
in acidosis and alkalosis, 1250 
in cirrhosis, and edema, 687-697 
and edema, 1823 
postburn shifts, 1742 
ratio of sodium and potassium, 
1249, 1250, 1254 
in uremia, 1823, 1824 
bone content, 67, 1357-1360 
in diabetes, 1679-1685 
bound, in urinary nondialyzable 
solids, 1660, 1661 
cerebral concentration after carbon 
dioxide exposure, 1114 
clearance 
and hyponatremia of cirrhotics, 
928* 


and isotonic expansion of extra- 
cellular fluid, 1 

after meralluride, 1802 

and solute excretion, 458-463 
concentration 

and desoxycorticosterone, 67-69 

and dinitrophenol, 932* 
serene. and hypernatremia, 


diuresis, 882* 
and anesthetic agents, 875* 
and cortisol, 1799-1808 
in hydropenia, 879* 
and osmolal clearance, 882* 
and sodium excretion, 882* 
and vasopressin, 459, 879*, 880* 


SUBJECT INDEX TO VOLUME XXXVII 


and erythrocytes in pulmonary dis- 
ease, 1170, 1171 

exchange between blood and lumen 
pent segment, 1825, 
1 


excretion 
in adrenal insufficiency, 1799- 
1808 


in pituitary insufficiency, 1799- 
1808 


renal, 234-241 

and vasopressin dosage, 458-463 
and exercise, 257, 258 
extracellular, 890* 

in respiratory acidosis, 1116, 1117 
intake and urine osmolality, 1801 
intracellular, 1118, 1119 

in uremia, 890* 
metabolism, 758-761 

in hyperlipemia, 916* 
muscle concentration, 67 

after carbon dioxide exposure, 


plasma 
in acidosis and diabetes, 1676- 
1685 


after carbon dioxide exposure, 
1114 


of platelets in hyperkalemia, 707 
production, in renal failure, 886* 
reabsor ption 
after calciferol, 1708 
renal tubule, 932* 
retention, 1246 
hyponatremia, 1399-1401 
susceptibility to intoxication and 
thiopental, 875* 
transfer, and perfusate osmolality, 
1825 


Watson-Schwartz test, false-posi- 
tive, 915* 
Weight 
birth 
and serum and spinal fluid bili- 
rubin, 1405-1407 
and spinal fluid and heme in 
newborn infants, 1409 
and caloric intake, low-magnesium 
diet, 437 
and capillary blood volume, 1064- 
1069 


and exercise, 257, 258 

heart, and tachycardia, 1415 

and inulin space after desoxy- 
corticosterone, 66 





after jejunal perfusion, 1820 
loss 
after calciferol, 1702 
and caloric intake, 1400 
and meat diet, 119 
in obesity, 1050-1053 
and salicylates, 1140 
after thyroxin treatment, 385, 


and membrane diffusing capacity, 
1064-1069 


and nitrogen balance, 387, 1820 
and enone acid deficiency, 


and pulmonary function, 1048- 
1059 


and renal excretion of digoxin, 837 
and serum sodium, 1251-1254 
in Valsalva maneuvers, 1467 
and wie balance, postphlebotomy, 
Wernicke’s encephalopathy, eryth- 
rocytes of, 1476-1483 
Wilson’s disease 
plasma copper-protein _cerulo- 
plasmin, 934* 
serum protein fractionation in, 
893* 


Xx 


Xanthine 
after chromatographic separation 
of urinary purines, 582, 583 
and ferritin iron release in vivo, 
1809-1817 
oxidation to uric acid, 587 

Xanthomatosis, 886* 

Xylitol and glucuronic acid conver- 
sion to hexose phosphate, 
1462-1464 

Xylulose 

and glucuronic acid conversion to 
hexose phosphate, 1462-1464 

in pentosuria, 902*, 1464 

Xylulose-5-Phosphate 

and glucuronic acid conversion to 
hexose phosphate, 1462-1464 

in ribose conversion to glucose, 
652-654 

ribulose 5-phosphate, 732 


Z 
Zinc 
and — wee metabolism, 1302- 


and urine nondialyzable solids, 1662 

















